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EDITORIAL 


Getting the EPA back on track 


our information will be kept confidential, and 
the lessons learned from your participation will 
serve society—those are the promises made by 
researchers to participants in studies designed 
to inform environmental policies, from clean 
water and air to chemical exposure limits. The 
United States Environmental Protection Agency 
(EPA) may well break this fundamental pact next year, 
putting the agency at odds with its very mission “to pro- 
tect human health and the environment.” Hopefully, the 
EPA will realize that this would jeopardize regulations 
that keep the environment safe to live in, and correct 
course back to sound policy-making. 

In January 2020, the EPA plans to issue a supplement 
to its 2018 proposed rule, Strengthening Transparency 
in Regulatory Science, which stated that in setting stan- 
dards, the agency would only use research for which 
underlying raw data and models were made public. 
The rule could eliminate many public 
health studies from consideration. At a 
congressional hearing last month, the 
EPA claimed that the supplemental 
rule provides clarifications, but does 
it address major problems with the 
plan? Although the notion of deposit- 
ing data and models from federally 
funded research into public databases 
is laudable, the rule as proposed poses 
substantial problems. This may account 
for why the majority of nearly 600,000 
public responses to the 2018 proposed rule were critical. 

In epidemiological and clinical studies, people pro- 
vide information—their medical histories, behaviors, 
education, employment, and other personal details— 
under the condition that it will not be shared and 
their privacy will be protected. Anonymizing data is 
already difficult, if not impossible. With geographically 
referenced data, a capable programmer can leverage 
machine learning and brute computational strength 
to determine the location, and subsequently the iden- 
tity, of a study participant. Similarly, facial recognition 
software has been applied to images reconstructed 
from cranial scans to identify study participants. Re- 
identification can jeopardize employment, insurance, 
or personal relationships for individuals, and scholar- 
ship, reputation, or funding for researchers. This will 
simply discourage people from participating in future 
health studies. Moreover, successfully recruiting and re- 
taining participants depends on trusting relationships 
built on meaningful and sustained interaction between 
researchers and participants, especially with disad- 


“The EPA's proposed 
transparency rule... 
unquestionably 
excludes key science 
from policy-making.” 


vantaged populations who are underrepresented in re- 
search. The EPA rule assumes that people will consent 
to their data residing in a repository where decisions 
about data use are made by persons unknown to them. 

The proposed rule claims that additional analysis of 
raw data and models will improve science. Who will do 
this analysis? Most likely, vested interests will finance 
work slanted toward a particular outcome, rather than 
undertake scientific inquiry without an agenda. For 
example, lead paint industry defense attorneys have 
attributed children’s neurological deficits to landlord 
neglect and parental failure. The rule also disregards 
the power of the “weight of the evidence.” Imagine mul- 
tiple studies done by different investigators on differ- 
ent populations using different techniques, yet reaching 
similar conclusions—that’s a powerful result. Ignoring 
the weight of evidence derived from the totality of rele- 
vant science, regardless of data availability, contravenes 
the EPA’s directive (stated in the Clean 
Air Act) to set standards “requisite to 
protect the public health” with “an ad- 
equate margin of safety.” 

Many researchers already deposit 
code and data into open repositories. 
The U.S. National Institutes of Health 
and other federal funding agencies 
require data-sharing plans to sup- 
port independent reanalysis within 
the scientific community without 
compromising confidentiality. The 
peer review process provides an additional check on 
the credibility of research results. Work by the Health 
Effects Institute, in which an industry-government- 
funded partnership reanalyzed data from the Har- 
vard Six Cities Study and the American Cancer Society 
Study on the link between particulate matter pollution 
and mortality, represents an excellent model for evalu- 
ating the validity of research pivotal to environmental 
health regulations without compromising confidenti- 
ality or excluding studies. 

The EPA’s proposed transparency rule does not en- 
sure research rigor or improve transparency. It un- 
questionably excludes key science from policy-making. 
Once the supplemental rule is released in January 
2020, there will be an open period for public com- 
ment—an opportunity for everyone to remind the EPA 
of its obligation to use the best science, as required in 
multiple environmental laws, to protect human health 
and the environment. 


—-Marie Lynn Miranda 
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CLIMATE SCIENCE 


Record high 
temperatures across 
Europe this summer 
sent people wading in 
fountains in Paris. 


akg 


Older climate models pass temperature test 


lder climate models, even those created half a century 
ago, faithfully predict recorded increases in tempera- 
ture, a study has found—suggesting scientists can trust 
model predictions of future warming caused by rising 
levels of greenhouse gases. Critics of climate science 
often claim such models are flawed. But the new analy- 
sis determined that the predictions of 10 out of 17 past climate 
models released between 1970 and 2001 tracked with mea- 
surements of global temperatures. And four of the inaccurate 
models improved when scientists accounted for unanticipated 
changes in the amount of greenhouse gases humans generated, 


they report in the 4 December issue of Geophysical Research 
Letters. Difficult-to-predict influences such as new regulations 
can skew emissions and throw off a model’s temperature pre- 
dictions, explains the paper’s lead author, Zeke Hausfather of 
the University of California, Berkeley. But the overall accuracy 
of even older models, simpler than those used today, confirms 
that scientists’ understanding of the physics behind greenhouse 
warming is sound, he adds. The findings come as officials from 
around the world meet this week in Madrid for the United 
Nations’s annual conference on climate change, with a focus on 
implementing pledges to reduce greenhouse gases. 


FDA approves sickle cell drug 


DRUG DEVELOPMENT | The U.S. Food 
and Drug Administration (FDA) on 

25 November approved a novel therapy 
for sickle cell disease, an often fatal 
blood disorder that afflicts about 100,000 
Americans. The drug, developed by Global 
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Blood Therapeutics based in South San 
Francisco, California, is the first to target 
the disease’s root cause—a mutant form 
of the protein hemoglobin, which carries 
oxygen inside red blood cells. Critics of 
the drug complain that in clinical trials it 
improved people’s blood test results but 
not symptoms, such as pain caused when 
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sickled cells block small blood vessels. FDA 
may approve drugs for serious conditions 
based on improvements in “surrogate” 
endpoints such as blood tests if other treat- 
ments are lacking. The sickle cell drug will 
cost about $125,000 annually; the firm said 
it will explore how to provide the treat- 
ment affordably in developing countries. 
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Society policy targets harassers 


SCIENTIFIC SOCIETIES | Members of 

the Society for American Archaeology 
(SAA) have voted to allow its board to bar 
attendees who have committed sexual 
harassment or other misconduct from 
society events. The vote to change SAA’s 
bylaws, announced on 22 November, 

was a response to a scandal sparked 
when an archaeologist banned from his 
university for sexual harassment was 
allowed to attend the society’s annual 
meeting in April. The new policy, written 
by SAA’s board, also covers bullying and 
other forms misconduct. But some SAA 
members are concerned the wording is 
not strong enough because it states the 
society’s board “may” bar offenders from 
events; they had proposed an alternate 
bylaws amendment that offenders “will be 
barred.” That measure failed in the vote. 


Off-shore wind power grows 


ENERGY | By 2040, off-shore wind turbines 
could produce about as much electricity as 
those onshore and, with solar cells, supply 
much of the renewable energy required 

to reduce global warming, says a forecast 
published last month. To date, more wind 
turbines have been built on land, but 
turbines placed in coastal waters offer the 
advantage of steadier winds, and costs 
could become competitive with fossil fuels 
in the next decade, says the International 
Energy Agency’s World Energy Outlook 
2019. The European Union and China will 
dominate off-shore wind power through 
2040, the report says. But it also warns 
that current growth in wind and other 
renewables won’t reduce greenhouse gas 
emissions by enough to limit the increase 


A Mighty wind 
Off-shore wind power is growing quickly—but needs 
to expand faster still to help control global warming. 
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in global temperatures to less than 2°C; 
even larger growth in wind and other alter- 
native energies is needed. 


Disgraced surgeon sentenced 


MISCONDUCT | Acourt in Italy has sen- 
tenced surgeon Paolo Macchiarini to 

16 months in prison for forgery and abuse 
of his office. Macchiarini became famous 

a decade ago while at the Karolinska 
Institute in Stockholm for transplanting 
artificial windpipes “seeded” with stem cells 
into patients. The transplants failed and 
nearly all the patients died; Macchiarini 
was found guilty of scientific misconduct 
and charged with manslaughter in Sweden. 
Those charges were dropped in October 
2017, but now, an old case in Italy has 
apparently caught up with him. In 2012, 
Macchiarini was charged with taking bribes 
from patients. After years of appeals and 
counter appeals, on 8 November a court 
found him guilty of minor infractions: 
providing treatment for a friend who was 
not eligible for care and manipulating the 
patient’s records. Macchiarini’s lawyer 

said he will appeal the sentence. An Italian 
newspaper reports the surgeon is now 
working in Japan. 


U.K. pushes for Al accountability 


COMPUTER SCIENCE | Businesses and 
government offices that use artificial 
intelligence (AI) to help make decisions— 
to predict health outcomes, extend credit, 
or even determine criminal penalties— 
will soon be required to explain how 
their technology functions to individuals 
affected by it, according to draft guidance 
from the United Kingdom’s Information 
Commissioner’s Office this week. The 
guidance, thought to be the world’s first, 
is meant to “get out ahead” of potential 
abuses, says David Leslie, an ethics fellow 
at the Alan Turing Institute in London 
and a co-author of the draft. The expla- 
nations of the software’s methods and 
reliability must be comprehensible by 

lay people, who could use existing data- 
privacy or antidiscrimination laws to 
challenge how the AI is applied. The office 
is accepting comments on the 165-page 
draft until 24 January 2020. 


Elsevier inks open-access deals 


SCHOLARSHIP | Publishing giant Elsevier 
last month signed two new “transforma- 
tive” deals allowing researchers to read 

its journals and publish in subscription 
ones on an open-access basis. Its deal with 
Carnegie Mellon University in Pittsburgh, 
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BY THE NUMBERS 


U.S. states in which 
mortality rates among 
25- to 64-year-olds increased 
from 2010 to 2017(JAMA). 


1.6 


million 
Hectares in Indonesia that burned 
this year, according to Sentinel 
satellite data, an area half the size 
of Belgium. That figure is twice 
the Indonesian government's 
estimate, based on lower resolution 
LANDSAT data (Center for 
International Forestry Research). 


Pennsylvania, is Elsevier’s first of this 
kind with a U.S. institution. Its other deal 
is with the Bibsam Consortium, which 
negotiates such agreements for Sweden’s 
universities; they gave up subscriptions 
to Elsevier journals in 2018 after Bibsam 
unsuccessfully sought a new, open-access 
agreement. Carnegie Mellon did not 
disclose the cost of its deal; Bibsam said 
its outlay will depend on uptake by its 
library members. 


Arab scientists want to emigrate 


WORKPLACE | Although many Arab 
countries want to develop “knowledge 
economies” to diversify their petroleum- 
based industries, 91% of their researchers 
would like to emigrate for professional 
opportunities elsewhere, a survey has 
found. The findings come from an online 
poll of 650 researchers working in 

22 countries of the Arab League, reported 
this week by Al-Fanar Media, a nonprofit 
news organization that covers research and 
education. Of the survey respondents, 

232 work in science, technology, engineer- 
ing, and math (STEM) fields, most of them 
at universities. Poor funding was a frequent 
complaint about their current jobs, but so 
was the professional environment. Among 
STEM workers, 87% of those wanting to 
move desired to improve their research. 
Other incentives included better research 
facilities (67%), more salary (43%), and 
more academic freedom (40%). 
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Satellite data could refine models that predict 
carbon flows, seen here peaking in northern spring. 


Europe to lead in monitoring carbon from space 


Budget hike for ESA’s Copernicus program advances satellites to monitor Paris accord cuts 


By Daniel Clery 


ven optimists at the European Space 
Agency (ESA) were startled last 
week when its member governments 
awarded it a €12.5 billion, 3-year bud- 
get, its largest ever and more than 20% 
above its previous 3 years of funding. 
With the unexpected windfall, ESA will de- 
velop a reusable space cargo capsule, support 
the International Space Station until 2030, 
and join NASA in retrieving rocks from Mars. 

But one of the biggest winners, up 29% to 
€1.8 billion, is Copernicus, a program sup- 
porting a fleet of satellites that continuously 
tracks features of Earth’s atmosphere and 
surface, including the contours of the sea 
surface and shifts in vegetation. The money 
will help Europe expand the fleet to observe 
humanmade sources of carbon dioxide (CO,) 
on a daily basis—making ESA the only space 
agency capable of monitoring pledges made 
under the Paris accord to cut greenhouse 
gases. Europe’s CO, monitoring plans are 
“unparalleled,” says Christopher O’Dell, an 
atmospheric scientist at Colorado State Uni- 
versity in Fort Collins. “The Europeans are 
just running with this.” 

Just why ministers from ESA’s 22 member 
states were feeling so generous at a meeting 
last week in Seville, Spain, is unclear. It could 
be because Europe’s economy is better than 
3 years ago, or because ESA officials did a 
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good job talking up plans with ministers and 
stakeholders, says Athena Coustenis, a plan- 
etary scientist at the Paris Observatory and 
chair of the European Space Sciences Com- 
mittee, an advisory body. Regardless, the 
only mission not to receive full funding was 
Lagrange, a set of space weather satellites. 
“There’s no need to kill anything,’ Coustenis 
says. “I’m in shock.” 

ESAs science budget, stagnant for decades, 
got a 10% hike to €2.8 billion. That should 
allow the agency to study black holes with 
two concurrent missions, a gravitational 
wave detector and an x-ray observatory 
(Science, 25 October, p. 410). The explora- 
tion budget was boosted by one-third, which 
means ESA can launch the ExoMars rover 
next year—if it can fix problems with its 
parachutes in time (Science, 29 November, 
p. 1061). The money will help ESA join 
NASA’s Artemis program to build a Moon- 
orbiting space station called the Gateway 
and work toward a human presence on the 
surface. It will also pay for initial work on a 
complex mission to bring back samples from 
Mars. NASA hopes to follow suit next year 
(Science, 22 November, p. 932). 

The Copernicus system of Earth-observing 
Sentinel satellites also got a lot of love. This 
joint venture with the European Union 
provides long-lived, unbroken data sets to 
government, industry, and academic users. 
Existing Sentinel satellites monitor, for in- 
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stance, land use and sea surface height. The 
first three Sentinels are now operational, 
along with duplicate satellites that serve as 
backups. Three more Sentinels are in the 
works. When it comes to Earth observa- 
tion, “Europe has the most capable fleet in 
orbit,’ says Martin Visbeck of the GEOMAR- 
Helmholtz Centre for Ocean Research in Kiel, 
Germany, and chair of ESA’s Advisory Com- 
mittee for Earth Observation. 

The funding boost ensures ESA can pro- 
ceed with ambitious plans for a further set 
of six candidate Sentinels, among them the 
CO, monitoring mission. Around the time 
of the Paris climate pact of 2016, the Euro- 
pean Union decided that national carbon 
budgets, based on disclosures from known 
emitters such as power plants and cement 
works, needed checking from the sky. In re- 
sponse, ESA resurrected plans for Carbon- 
Sat, which failed to win a launch slot in 
2015, and beefed it up into a Sentinel, which 
would look for the spectral absorption sig- 
nals of CO, in infrared sunlight reflected off 
Earth’s surface. 

With the new funding, a CO, Sentinel 
could launch as soon as 2025, putting Eu- 
rope in position to contribute to a census of 
emissions that the Paris accord says should 
take place every 5 years beginning in 2023. 
Carbon dioxide is “a quantity we need to 
watch for years to come,” Visbeck says. 

The ministers gathered in Seville appar- 
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ently shared that sense of urgency. “Govern- 
ments are really putting words into action,” 
says Josef Aschbacher, ESA’s director of 
Earth observation in Frascati, Italy. But 
their motivations may not be entirely self- 
less, because the contracts for Copernicus 
are spread among member states in line 
with their contributions. “It’s a unique op- 
portunity to position your national industry 
for decades to come,” Aschbacher says. 

NASA pioneered efforts to track CO, 
from space with its Orbiting Carbon 
Observatory-2 (OCO-2), launched in 2014. 
But OCO-2 samples a narrow swath, return- 
ing to each point on Earth at intervals of 
weeks, and was only designed to last 2 years. 
China’s current CO,-tracking satellite TanSat, 
which closely follows OCO-2’s design, has 
struggled with its calibration. And OCO-3, 
launched this year and attached to the space 
station, is another short-lived research mis- 
sion; the United States has no plans to follow 
up with an operational carbon-monitoring 
system. “It’s a little frustrating watching 
from the U.S.,” O’Dell says. “We've lost the 
leadership role in this.” 

ESAs CO, mission would operate for 
20 years, with as many as three identi- 
cal satellites scanning the entire globe 
with swaths 300 kilometers wide. The 
mission would scan each point on Earth 
every few days, capturing the changing 
plumes of individual power plants. “We're 
moving from 1D to 2D,” says Michael 
Buchwitz, an adviser to the project at the 
University of Bremen in Germany. In a step 
up from the original CarbonSat proposal, the 
CO, Sentinels will also help identify emitters 
by detecting nitrogen oxides from fossil fuel 
combustion, and will have sensors for clouds 
and aerosols to improve accuracy. 

The European Union’s next 7-year bud- 
get, now being negotiated, could determine 
whether the mission reaches its full poten- 
tial. ESA is only responsible for the first Sen- 
tinel of each type, with the EU paying for the 
backups. And as the user of the data, the EU 
will also finance a network of ground sen- 
sors to calibrate the satellite carbon mea- 
surements as well as data-processing and 
modeling efforts. “The satellites are a core 
component,’ Buchwitz says. But there is 
also “much, much more.” 

If Europe sustains its carbon-monitoring 
efforts, they will be a boon to scientists as 
well as policymakers, O’Dell says. The high- 
resolution Sentinel readings will help sci- 
entists tune their models of how CO, flows 
around the atmosphere. And the missions 
could also attract more scientists to what 
remains a small field, he adds. “It will bring 
more brain power.” 


With additional reporting by Paul Voosen. 
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PUBLIC HEALTH 


Beset by neural tube defects, 
Ethiopia may fortify salt 


Government wants evidence of effectiveness before 
adding folic acid to ubiquitous dietary staple 


By Meredith Wadman 


ony Magana, chief of neurosurgery at 
Mekelle University School of Medi- 
cine in Ethiopia’s Tigray province, is 
constantly reminded of his country’s 
high prevalence of neural tube defects 
(NTDs). His team operates on more than 
400 babies annually to repair these severe, of- 
ten lethal birth malformations, in which ba- 
bies can be born without brains or with their 
spinal cords protruding from their backs. 
“Probably every other day we see a child that 
is so bad we can’t help them,” Magana says. 

Last month, a team of nutrition experts 
converged in Addis Ababa to lay ground- 
work for an unproven but possibly highly 
effective intervention: fortifying Ethiopia’s 
salt supply with folic acid, a synthetic form 
of the B vitamin folate. In the first 4 weeks 
of pregnancy, folate is essential to proper 
closure of the neural tube, which gives rise 
to the brain and spinal cord, and since the 
mid-1990s, more than 80 countries have 
mandated flour fortification with folic acid. 
Ethiopia, where fewer than one-third of 
people eat flour, is not among them. 

Last year, studies that surveyed births at 
11 hospitals there shook the global health 
community. The studies—one co-authored 
by Magana—found that among every 
10,000 births, between 126 and 131 babies 
had NTDs. That’s seven times their global 
prevalence and 26 times that of some high- 
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Babies recover from surgery for spina bifida, a malformation of the spine and spinal cord, in Hawassa, Ethiopia. 


income, flour-fortifying countries. Accord- 
ing to Ethiopian government data, 84% of 
Ethiopian women of reproductive age have 
folate levels in their red blood cells low 
enough to put them at risk of having a child 
with an NTD. 

“These numbers from Ethiopia are some 
of the worst anywhere and ever,’ says 
Marinus Koning, a retired surgeon who is 
founder of the ReachAnother Foundation, a 
charity based in Bend, Oregon, that has sup- 
ported the training of dozens of Ethiopian 
neurosurgeons. “Something needs to be done 
about it.” 

At the invitation of the Ethiopian Minis- 
try of Health, Koning and scientists from the 
United States, Canada, and the Netherlands 
began to work with experts at the Ethiopian 
Public Health Institute (EPHI) in Addis 
Ababa to develop a plan to address NTDs. 
The result was an issue brief released by 
EPHI in May that recommended the gov- 
ernment consider salt fortification. 

The prospect is winning praise from af- 
fected families. “We need prevention more 
than any intervention, says Beza Haile, 
founder of the Addis Ababa-based advocacy 
group HOPE-Spina Bifida and Hydrocepha- 
lus. Haile’s 4-year-old son, Hezkiel, who has 
an NTD, can’t talk, walk, sit, or eat, except 
foods that are the consistency of soft porridge. 

A method of fortifying salt—spraying it 
with buffered folic acid solution—had al- 
ready been developed by chemical engineer 
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Levente Diosady and colleagues at the Uni- 
versity of Toronto in Canada. The same spray- 
ing equipment used for iodization of salt, 
already mandated in Ethiopia to prevent in- 
tellectual disabilities and thyroid disease, can 
deliver folic acid. “One of the main reasons 
this project is moving forward and there is 
a lot of political support for it is it requires 
few adaptations,” says Christine McDonald, a 
micronutrient scientist at Children’s Hospital 
Oakland Research Institute in California. 

McDonald was part of the team that vis- 
ited Addis Ababa last month. There, the team 
met with potential funders and with Hakan 
Kolenoglu, chief executive of the country’s 
leading salt processor, SVS Salt Production 
PLC, who promised to fortify, free of charge, 
40 tons of salt for preliminary studies. 

With initial funding from ReachAnother 
(more will be needed, the team says), re- 
searchers will test whether folate-fortified 
salt is stable in Ethiopian environmental 
conditions and whether its sensory qualities, 
including a yellowish tinge, are acceptable to 
Ethiopians. If the answers are encouraging, 
fortified salt’s effects on the gold standard 
measurement of folate sufficiency—red blood 
cell folate levels—will be put to the test in a 
randomized, controlled, double-blind trial of 
hundreds of women of reproductive age. 

“There is no scientific evidence that add- 
ing [folic acid] to salt could improve the 
folate status of women,” says Masresha 
Tessema, a nutritionist at EPHI’s Food Sci- 
ence and Nutrition Research Directorate 
who was first author on the issue brief and 
is the Ethiopian lead on the planned stud- 
ies. “The ministry needs evidence.” 

If salt supplementation works, it could be 
game changing for Ethiopia: A meta-analysis 
this year concluded that large-scale folic acid 
food fortification in low- and middle-income 
countries has lowered the risk of NTDs by 
41%. “We have an amazing opportunity to do 
a lot of good,” says Kenneth Brown, the lead 
US. scientist on the team that met in Addis 
Ababa. Brown, an emeritus professor at the 
University of California, Davis, who was un- 
til recently a senior nutrition scientist at the 
Bill & Melinda Gates Foundation, adds: “It’s 
shovel ready. We know what the problem is. 
We know how to fix it.” 

Other experts hope an Ethiopian suc- 
cess story could spur efforts in more than 
110 other countries that don’t mandate 
food fortification. Says Nicholas Wald, an 
epidemiologist at University College London, 
who in a seminal 1991 paper established that 
taking 4 milligrams of folic acid daily, before 
and in early pregnancy, reduces the risk of 
NTDs by about 80%: “It’s a global issue of 
which Ethiopia is an extreme example. Loads 
of countries should be fortifying a staple food 
with folic acid and aren’t.” & 
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Anew Italian funding agency would be supervised by the Ministry of Education, University, and Research in Rome. 


EUROPE 


Italy set to create €300 million 
research funding agency 


Researchers applaud plan but worry about agency’s small 
budget and potential political interference 


By Giorgia Guglielmi 


cientists in Italy are about to receive a 
long-sought gift—but some are disap- 
pointed. This month, Italy is expected 
to set up its first national science fund- 
ing agency, with an annual budget 
that would rise to €300 million. Ital- 
ian scientists are welcoming the boost to a 
thin basic research budget and the prospect 
of an independent body that could allocate 
the money transparently. But some complain 
that the sum is too small and worry that the 
new National Research Agency (ANR) will be 
vulnerable to political interference. 

Originally announced in September by 
Prime Minister Giuseppe Conte, who leads 
a coalition government of the populist Five 
Star Movement and the center-left Demo- 
cratic Party, the ANR proposal is now a part 
of the country’s 2020 budget bill, which the 
Parliament must approve by 31 December. 
The Senate is set to vote on the bill this 
week, after which it will move to the lower 
house. The agency could be up and running 
in a matter of months—with many ques- 
tions hanging over it. 

“There is the willingness to set up a na- 
tional science funding agency, but there is 
not much clarity on how it should be done,” 
says Maria Cristina Messa, a clinical diagnos- 
tics researcher at the University of Milan- 
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Bicocca. Messa adds that €300 million might 
be adequate to fund basic research projects. 
“But for applied research, it’s definitely not 
enough,” she says. 

With R&D spending of about 1.3% of its 
gross domestic product, Italy lags behind the 
24% average of other developed countries. 
Nearly one-third of the spending, which to- 
taled €23.8 billion in 2017, according to the 
Italian National Institute of Statistics, came 
from public sources such as the Ministry of 
Health, the Ministry of the Environment, 
and the Ministry of Education, University, 
and Research (MIUR). But ministry funding 
can be erratic and lacks long-term planning, 
says Piergiuseppe De Berardinis, an immuno- 
logist at the Italian National Research Coun- 
cil in Naples. For example, MIUR’s last grant 
call for basic research was in 2017, and grant 
winners began to receive the money only this 
year. What’s more, grant review is often a 
black box, De Berardinis says. Italian public 
agencies approve or reject applications “with 
just a few lines of boilerplate text, which 
leaves no room for appeal,” he says. 

ANR won’t solve these problems, as it will 
be an add-on to the current system rather 
than a replacement, says Nicola Bellomo, a 
mathematician at the Polytechnic Univer- 
sity of Turin and president of Gruppo 2003, 
a group that has called for a national fund- 
ing agency. But it could make some annual 
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grant calls and distribute its limited funds ef- 
ficiently and transparently, Bellomo says. 

The current bill says ANR’s annual budget 
would start with €25 million in 2020, and 
rise to €200 million in 2021 and €300 million 
in 2022. It would fund “innovative” projects, 
help coordinate research at universities and 
public agencies, and promote Italy’s partici- 
pation in international projects. 

The bill also says ANR will be an indepen- 
dent agency working “under the supervi- 
sion” of the prime minister and the research 
minister. Most appointments to the agency 
would be political: The prime minister 
would select the director, and the politically 
appointed ministers of several govern- 
ment agencies would appoint five of the 
eight members of the ANR executive board. 
“That’s very troubling,’ says Alberto Baccini, 
an economist at the University of Siena, who 
worries that political appointees could steer 
funds to fit an ideological agenda. To safe- 
guard the agency’s political independence, 
Baccini says scientists should elect at least 
some of its management. Others hope an 
international search committee would select 
experts to ANR’s executive board. 

The head of MIUR’s technical secretariat, 
Fulvio Esposito, who helped write the draft 
bill, admits that the current proposal is a 
hastily written outline for the new agency. 
Esposito says MIUR is trying to get the Parlia- 
ment to simplify the bill so that it establishes 
the agency without specifying how it will be 
staffed and run. That would allow MIUR of- 
ficials to spend time studying the structures 
and funding models of research agencies in 
other developed countries and gather feed- 
back from Italian researchers. 

James Wilsdon, a science policy researcher 
at the University of Sheffield in the United 
Kingdom, cautions that adding another fund- 
ing organization, which could take years to 
set up completely, might not be the best way 
to boost Italian research. Wilsdon also wor- 
ries that friction about ANR’s structure could 
become a distraction from increasing Italy’s 
overall research spending, “which is clearly 
what’s required.” Although €300 million 
won't propel Italy past other nations, he says 
it’s a nontrivial amount, and that it’s sensible 
to start small, see what works, and scale up. 

Others are more optimistic. The creation 
of ANR signals an ambition to turn around 
the fortunes of Italian research, says molecu- 
lar biologist Rosario Rizzuto, president of the 
University of Padua. If adequately structured 
and funded, Rizzuto says, the agency can be 
“a good opportunity to boost investments 
that are necessary for the economic growth 
of our country.” | 


Giorgia Guglielmi is a journalist in 
Cambridge, Massachusetts. 
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Institute that aims to reshape 
health care seeks renewal 


Mixed reviews for effort to compare medical treatments 


By Jocelyn Kaiser 


atients and their doctors face crucial 

choices every day: Surgically excise 

precancerous breast cells or watch 

carefully for growth. Try meditation 

for anxiety or go with prescription 

drugs. Stay in the hospital for tests 
after chest pain or head home and have 
testing later. To help with such decisions, 
and to rein in U.S. health care costs, Con- 
gress 9 years ago created an independent 
research institute that would enlist pa- 
tients as partners in designing studies that 
compare the benefits of established medi- 
cal treatments. 

Now, after awarding nearly $2.6 billion 
for research, the nonprofit Patient-Centered 
Outcomes Research Institute (PCORI) in 
Washington, D.C., faces a turning point. 
The agency’s charter was set to expire on 
30 September, and it is operating under a 
temporary extension until 20 December. 
Congress must decide whether to reautho- 
rize the organization long term, and if it 
does, whether to fine-tune its mission. 

Supporters say it’s obvious that PCORI 
should continue. With annual incoming 
funds averaging about $480 million since 
2014, the operation has paid for more than 
700 projects, more than half completed by 
now, that are already influencing health 


care. “We’re starting to see results that really 
matter,’ says Christine Goertz, a health ser- 
vices researcher at Duke University in Dur- 
ham, North Carolina, who chairs PCORI’s 
governing board. 

In spite of complaints that PCORI was 
slow to launch large randomized trials that 
could sway medical practice and cut costs, 
disease advocacy and research groups 
back it. “They have picked up speed and 
set up more effective studies. What they’re 
doing now is what they should be doing,” 
says Ross McKinney, chief scientific officer 
for the Association of American Medical 
Colleges, based in Washington, D.C. 

Lawmakers seem to agree—bipartisan 
bills in the House of Representatives and 
Senate would reauthorize PCORI for as 
long as 10 years. But with a crowded leg- 
islative calendar and impeachment taking 
lawmakers’ attention, it’s not clear when a 
bill will be passed. 

PCORI’s birth took political compro- 
mises. Congress created it as part of then- 
President Barack Obama’s 2010 Affordable 
Care Act, funding it largely from a tax on 
health insurance plans that goes into a 
trust fund. Backers reasoned that “com- 
parative effectiveness research” could help 
control ballooning medical costs. Conserva- 
tives worried, however, that PCORI’s work 
would result in health care rationing, so 


Spend a little, save a lot? 


By funding studies that compare treatments, the Patient-Centered Outcomes Research Institute 
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lawmakers barred the agency from making 
cost comparisons while mandating that its 
board include stakeholders representing 
industry, insurers, patients, and physicians. 
They also gave it a name that did not men- 
tion comparative research, but instead re- 
flected a less controversial goal: putting the 
needs and interests of patients first. 

Figuring out what “patient-centered re- 
search” meant took time. “Nobody really 
knew what it was or used [the term] in 
their own way. In fact, PCORI defined it,’ 
says Ellen Sigal, chair of Friends of Cancer 
Research, a Washington, D.C.-based patient 
group. PCORI-funded researchers must try 
to include patients every step of the way, 
from enlisting them in study design to, at 
times, including them on the research team; 
patients also help PCORI review research 
proposals. The requirements “have been an 
adjustment” for many scientists, but worth- 
while overall, says health services researcher 
Michael Fischer of the Harvard University- 
affiliated Brigham & Women’s 
Hospital in Boston, who has 
worked on PCORI projects. 

PCORI says patients have sug- 
gested changes to studies, such 
as emphasizing the ability to 
live at home as a treatment out- 
come and changing how a study 
is explained to them. PCORI 
has inspired U.S. agencies, drug 
companies, and health care 
organizations to incorporate 
patient-centeredness into their 
work, says Marc Boutin, CEO of 
the National Health Council in Washington, 
D.C., which represents patient groups. 

But developing methods for involving 
patients and setting up review panels was 
time consuming, and PCORI’s first con- 
tracts only went out in late 2012. Many 
early projects focused on patient education 
and engagement, such as evaluating “deci- 
sion tools,” or brief information sheets, to 
help people and their caregivers choose be- 
tween treatments. The institute also spent 
time and money to build PCORnet, a clini- 
cal research network that pools electronic 
health records for millions, which aids in 
comparisons of treatments and recruit- 
ment of patients for clinical trials. 

PCORI eventually ramped up its sup- 
port of comparative effectiveness research, 
which has consumed 73% of its total award 
commitments to date, the institute says. 
Published findings include that oral anti- 
biotics are as helpful as intravenous ones 
for certain children with serious infections, 
and that type 2 diabetics who aren’t on in- 
sulin don’t need to test their blood sugar 
every day. Some results have found their 
way into practice guidelines, and PCORI is 
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“They have 
picked up speed 
and set up 
more effective 
studies.” 


Ross McKinney, 
Association of American 
Medical Colleges 


now funding efforts to get physicians and 
health systems to adopt its results. 

There has been “substantial disappoint- 
ment” in the slow pace, however, says bio- 
ethicist Ezekiel Emanuel of the University of 
Pennsylvania, who helped craft the PCORI 
authorization as an Obama official. By now, 
he adds, it should be able to “rattle off five or 
10 things” that have had a major impact on 
medical practice. Emanuel contends that its 
patient engagement efforts went “way over- 
board.” He also faults the institute for shying 
away from large-scale drug comparisons for 
fear of “antagonizing” the drug companies. 
“They weren’t bold enough,” Emanuel says. 

Health insurers, too, feel that PCORI 
“hasn’t really informed our decision- 
making as of yet,’ says Kate Berry, senior 
vice president for strategic partnerships 
for America’s Health Insurance Plans, a 
lobbying group in Washington, D.C. 

PCORIT’s defenders say its critics have “an 
unrealistic understanding of how rapidly 
you could implement large 
scale trials. Then there’s the 
lag at the other end—how slug- 
gish the adoption in health 
care is,’ says PCORI interim 
Executive Director Josephine 
Briggs, a former National In- 
stitutes of Health (NIH) offi- 
cial who replaced its founding 
director Joe Selby last month. 
She also defends its decision 
not to fund more of the long- 
term drug comparison studies 
more typically done by NIH. 
Their cost “could absorb our budget and 
keep PCORI from doing more of the very 
practical stuff,’ she says. 

Although PCORI still has funds left to 
administer ongoing grants and make a few 
additional awards, it has no money to initi- 
ate new rounds of funding. A search for a 
permanent director is underway, but Briggs 
expects any candidate will want to wait to 
see whether reauthorization goes through. 

Two bills approved by House panels 
would renew the institute for only three to 
seven more years and leave its operations 
largely unchanged. A bill introduced in the 
Senate would give PCORI another 10 years, 
creates an advisory panel to identify high- 
impact research areas, requires more short- 
term projects, and allows the institute to 
consider treatment costs—all changes that 
Berry’s group and other insurers favor. 

Although PCORI’s supporters expect 
a compromise bill to pass in the coming 
months, they are watching the process anx- 
iously. After nearly a decade spent building 
a new patient-centered way to fund health 
outcomes research, “it would be such a pity 
if this were to dwindle away,’ Fischer says. 
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Nitrogen crisis 
threatens Dutch 
environment— 
and economy 


Ecological damage from 
manure fumes triggers 
calls for drastic change to 
livestock industry 


By Erik Stokstad 


ast week, Dutch farmers across the 
country parked their tractors along 
highways in the third such protest since 
October, when they jammed traffic 
while driving en masse to The Hague, 
the nation’s center of government. 

They are protesting a Dutch high court 
decision that in May suspended permits for 
construction projects that pollute the atmo- 
sphere with nitrogen compounds and harm 
nature reserves. The freeze has stalled the 
expansion of dairy, pig, and poultry farms— 
major sources of nitrogen in the form of 
ammonia from animal waste. Also blocked 
are plans for new homes, roads, and airport 
runways, because construction machinery 
emits nitrogen oxides. All told, the shut- 
down puts some €14 billion worth of proj- 
ects in jeopardy, according to ABN AMRO 
Bank. “It has really paralyzed the country,’ 
says Jeroen Candel, a political scientist at 
Wageningen University & Research. 

The government is preparing to enact 
short-term measures, including lowering a 
highway speed limit, which could reduce 
nitrogen emissions a sliver. To make a sig- 
nificant dent, many experts say the coun- 
try’s farm animal sector—the densest in the 
world—must shrink and recycle more of 
its nitrogen. Last month, farmers asked for 
nearly €3 billion over 5 years to help pay 
for more environmentally friendly ways to 
deal with manure. Although agriculture is 
a large source of nitrogen emissions, other 
sectors will have to rein in their pollution, 
too. “Those are really tough political deci- 
sions that have to be made,’ says Jan Willem 
Erisman, a nitrogen expert at the Louis Bolk 
Institute in Bunnik. 

Nitrogen, a key nutrient for plants, is 
also an insidious pollutant. Fertilizer wash- 
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Dutch farmers have protested a ruling that curtails the expansion of livestock operations because of the nitrogen pollution they produce. 


ing off fields ends up in lakes and coastal 
areas, causing algal blooms that kill marine 
life. Airborne nitrogen can also harm eco- 
systems. One source is nitrogen oxides, 
mostly from power plants and engine ex- 
haust. In the Netherlands, even more comes 
from the ammonia vapors from livestock 
urine and manure. Both kinds of nitrogen re- 
act to form aerosols that cause smog, damage 
foliage, and acidify the soil, hindering roots’ 
absorption of nutrients. (Dutch farmers must 
add lime to their fields to fight acidity.) 

The Netherlands is a nitrogen hot spot 
partly because it is a dense, urbanized na- 
tion, although controls on power plants and 
catalytic converters in autos have helped 
curb nitrogen oxide emissions. The bigger 
problem is ammonia emissions from con- 
centrated livestock operations. Dutch farms 
contain four times more animals biomass 
per hectare than the EU average. Practices 
such as injecting liquid manure in the soil 
and installing air scrubbers on pig and poul- 
try facilities have reduced ammonia emis- 
sions 60% since the 1980s, but they have 
risen slightly since 2014 because of expand- 
ing dairy operations. Dutch agriculture is 
responsible for nearly half of nitrogen pollu- 
tion that falls in the country. 

In 118 of 162 Dutch nature reserves, ni- 
trogen deposits now exceed ecological risk 
thresholds by an average of 50%. In dunes, 
bogs, and heathlands, home to species 
adapted to a lack of nitrogen, plant diversity 
has decreased as nitrogen-loving grasses, 
shrubs, and trees move in. Heathlands are 
turning green-gray as invasive grasses over- 
whelm the purple heather and yellows and 
blues of small herbaceous flowering plants, 
says Eva Remke, an ecologist at B-WARE 
Research Centre in Nijmegen. “The grasses 
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will win, and the herbs will lose.’ These 
losses cascade through the ecosystem, con- 
tributing to the decline of insect and bird 
diversity, she says. 

To control emissions, in 2015 the Nether- 
lands introduced a nitrogen permit system 
that allows construction if, for example, re- 
gional governments reduce nitrogen from 
other sectors, such as farming. The system 
relies on a model developed by the Dutch 
National Institute for Public Health and 
the Environment (RIVM) to calculate how 
much nitrogen is emitted by various activi- 
ties and how much they contribute to pollu- 
tion in natural areas. 

The system was not enough to satisfy en- 
vironmental groups. They sued the Dutch 
government in 2016, demanding that it 
deny construction permits for expanded 
animal operations near two nature reserves. 
The cases ended up in the Court of Justice 
of the European Union, which last year 
ruled against the government and criticized 
the permit system for not ensuring immedi- 
ate nitrogen reductions. 

The Dutch high court implemented the 
ruling in May, halting all permit applica- 
tions. It said the government needed to 
come up with a better system and a long- 
term plan to reduce nitrogen emissions. In 
September, a high-level commission sug- 
gested some short-term fixes, which the gov- 
ernment has asked the high court to review. 
One idea is to lower the daytime speed limit 
from 130 to 100 kilometers per hour, which 
would reduce emissions enough to restart 
some home building. (The entire construc- 
tion sector contributes just 0.6% of nitrogen 
emissions.) The government also wants to 
require changes in animal feed that would 
reduce nitrogen levels in manure and to buy 
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out some farms near nature reserves. But 
the commission warned that deeper emis- 
sions cuts would require hard choices. 

Some scientists and environmental groups 
say the Netherlands should move to circu- 
lar agriculture: Farms should only produce 
as much manure as they can use to fertil- 
ize nearby fields; cows should graze rather 
than be fed nitrogen-rich, imported soy; and 
pigs and poultry should eat food waste. That 
would mean 50% fewer animals, says Natasja 
Oerlemans, head of agriculture for the World 
Wildlife Fund-Netherlands in Zeist. “We 
should use this crisis to transform agricul- 
ture,” she says, adding that it will require sev- 
eral decades and billions of euros to reduce 
the number of animals. 

LTO Netherlands in The Hague, which 
represents 35,000 farmers, endorses the con- 
cept of circular agriculture, but cautioned 
against “hasty measures.” One new grass- 
roots group, the Farmers Defence Force, 
contests the RIVM model’s calculations of 
how much nitrogen from farms is deposited 
on nature reserves. RIVM has defended its 
model, which was peer reviewed before its 
2015 launch. But it will ask an external com- 
mittee to review both the model and the na- 
tional nitrogen monitoring network. 

Candel thinks EU courts might impose 
similar decisions on other European nations 
in the future. But for now, Dutch farmers 
will likely face tougher nitrogen restrictions 
than those in neighboring countries. That 
will rankle, especially because cross-border 
pollution is part of the problem, says Wim 
de Vries, who studies nitrogen impacts at 
Wageningen. About one-third of the nitro- 
gen pollution deposited in the Netherlands 
comes from other countries, he says. “Nitro- 
gen spreads everywhere.” 
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READY 10 RETIRE? 


A nascent movement to send aging research monkeys 
to sanctuaries divides the biomedical community 


t’s been a long road to retirement for 
Bush the monkey—and not just be- 
cause he’s spent the past 15 hours in 
the back of a van motoring red-eye 
from New Jersey to Indiana. 

For nearly his entire life, the 23-year- 
old macaque lived in a lab at Prince- 
ton University. There, researchers con- 
ducted MRI scans on him to under- 

stand which parts of the brain perceive faces, 
and he spent much of his time in an indoor 
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By David Grimm, in Winamac, Indiana 


cage. In 2017, with Bush suffering from ar- 
thritis and nearing the end of his life span, 
the lab decided to send him to a sanctuary. 
“We had a very deep emotional relation- 
ship with Bush,’ says Sabine Kastner, a 
Princeton neuroscientist who oversaw stud- 
ies on the monkey. “We were all very sad 
the day he left, but we were happy for him.” 
The university took more than 2 years to 
find a sanctuary it felt could provide high- 
quality care for Bush and had space for him. 
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Finally, on 1 October, Princeton animal re- 
source staff checked Bush’s vitals, made him 
a care package of his favorite toys and treats, 
and placed him in a van that would bring 
him here to Peaceable Primate Sanctuary, a 
former farm amid sugar maples and corn- 
fields where he’ll spend the rest of his days. 
Bush’s big move is part of an un- 
precedented retirement collaboration: 
Princeton, along with Yale University, has 
just partnered with the sanctuary to ensure 
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Bush, a cynomolgus macaque, was a research 
monkey at Princeton University for nearly 20 years. 


both schools can seamlessly retire more 
monkeys there in the future. It’s a sign of 
increasing interest in sending former re- 
search monkeys to sanctuaries instead of 
euthanizing them or transferring them to 
another project. A growing number of sci- 
entists say retirement is the right thing to 
do for these social, intelligent creatures, 
and it can be cheaper than keeping the ani- 
mals in labs. “We want to do right by these 
animals,” says Peter Smith, associate direc- 
tor of Yale’s Animal Resources Center. “It’s 
good for them, and it’s good for the people 
who have spent their time caring for them.” 

Yet the effort faces many obstacles. More 
than 100,000 monkeys are in U.S. research 
facilities, and retiring even a fraction is a 
challenge. Labs often can’t afford it or can’t 
find a sanctuary they trust or that has space. 
And some primate researchers say sending 
monkeys to sanctuaries is simply a bad idea. 
Every one of these animals could contrib- 
ute to crucial research, they argue, because 
monkeys can offer a deeper understanding 
of how our minds work as well as speed the 
search for cures for Ebola, Alzheimer’s, and 
other diseases. Critics also fear that even 
talking about retirement could eventually 
lead to all monkeys disappearing from bio- 
medical studies, as happened with chim- 
panzees. “I don’t know of any monkeys that 
are not needed in biomedical research,” says 
Amanda Dettmer, a comparative psycho- 
logist and primate researcher at Yale. 

The discussion has grown even more 
heated in the past few months. Animal ac- 
tivist groups have pushed legislation that, 
if passed, would compel federal agencies to 
draft retirement plans for monkeys and other 
lab animals. “Taxpayers bought these animals, 
and we want the government to give them 
back,” says Justin Goodman, vice president of 
the White Coat Waste Project, a Washington, 
D.C.-based group that has found an increas- 
ingly sympathetic ear in Congress by painting 
animal research as a misuse of tax dollars. 

Meanwhile, according to a National In- 
stitutes of Health (NIH) report released 
in 2018, planned use of research monkeys 
was expected to continue to rise; the num- 
ber used in experiments reached a record 
high in 2017 according to the United States 
Department of Agriculture (USDA), even 
though the total number held in U.S. labs 
has declined slightly over the past decade. 
Higher demand could cause a space crunch 
at biomedical facilities and expand the 
pool of older monkeys, making the ques- 
tion of retirement more urgent. All of this 
has left individual labs caught in the mid- 
dle, struggling with whether to retire their 
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monkeys—and the best way to do so. 

As Bush, groggy and anxious, prepares to 
enter his new digs, it’s unclear how many 
others will follow in his footsteps. 


THE DIRT ROAD LEADING into Peaceable Pri- 
mate opens up into 30 hectares of patchy 
grass bordered by tufts of woods. On the 
left, behind a chain-link fence, a couple of 
baboons chase each other through open 
concrete cylinders in an outdoor play yard. 
On the right, a single rhesus macaque with 
fluffy auburn fur scales a wooden climbing 
structure inside another play area, this one 
attached to a green, ranch style building 
with a red roof. Bush waits just inside. 

He’s still in the wooden shipping crate 


he has been in since leaving Princeton. He 
pushes a couple of fingers through the wire 
mesh on top and peeks out cautiously, re- 
vealing a chestnut coat, stubby triangular 
ears, and bushy gray hair below his nose, 
giving the impression of a Mark Twain mus- 
tache. “I know, it’s superscary,’ coos Laura 
Tarwater, head of animal care here. “Don’t 
wolrty, we'll get you out of there soon.” 
Another Laura paces nearby: Laura 
Conour, director of lab animal resources 
at Princeton. She flew here to make sure 
Bush arrived safely, and she hovers around 
his crate like a nervous mother dropping 
her kid off at college for the first time. 
“He likes grapes—he likes to peel them,” 
she tells Tarwater. “He likes the crunch of 
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banana chips.” 

Tarwater and an animal caretaker shuf- 
fle Bush’s crate farther inside the building. 
Here, 13 macaques live alone or paired in 
cinder block and wire runs the size of small 
bedrooms, filled with perches, swings, and 
rubber toys. Some animals are squat, long- 
tailed cynomolgus macaques (or “cynos”) 
like Bush; others are lankier, short-tailed 
rhesus macaques. A few squawk and climb 
their enclosure to peek at the newcomer. 

Tarwater and the caretaker set Bush’s 
crate down firmly against the gate of his 
new run and open the doors on both to let 
him inside. He hesitates for a few minutes 
and then gingerly makes his way in. “It’s 
his arthritis,” Conour says. “He’s probably 


to the van that will bring him 
to Peaceable Primate Sanctuary. 


stiff from the ride.” 

Like Bush, every animal in the building 
came from a research facility. Sixty-five per- 
cent of monkeys used in NIH-funded proj- 
ects are rhesus; they're typically involved in 
brain studies or tests of therapies such as vac- 
cines. Another 15% are cynos, which consti- 
tute most monkeys in industry labs that test 
drug safety. Thirteen other primate species— 
including baboons and marmosets—make 
up the rest (see graphic, p. 1184). 

None has been part of the retirement 
conversation until recently. For the past de- 
cade, the focus has been on chimpanzees. In 
2010, in response to public and congressio- 
nal pressure, NIH commissioned a report 
that concluded most biomedical research 
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on chimps was unnecessary. Five years 
later, the agency announced it would no 
longer support invasive research on the ani- 
mals and would retire all its chimpanzees 
(Science, 16 June 2017, p. 1114). 

Animal activist groups are following 
the chimpanzee blueprint in their public 
relations campaigns, pushing for mon- 
key retirement as a way to reduce—or one 
day even eliminate—use of the animals in 
research. Last year, White Coat Waste or- 
chestrated a congressional letter that urged 
federal labs to disclose what they did with 
monkeys after experiments ended. In May, 
the group got members of the House of 
Representatives to include language in a 
report attached to a proposed 
NIH spending bill that asks the 
agency to reduce its use of the 
monkeys it owns and formu- 
late a plan to retire them. That 
same month, House members 
working with the group intro- 
duced a bill that would require 
all federal agencies—which own 
about 9000 monkeys—to create 
policies to retire lab animals. 
(The Senate followed with its 
own bill.) 

None of the proposed leg- 
islation has passed, and none 
would force agencies to retire 
their monkeys. But researchers 
have been blindsided before, 
when efforts by White Coat 
Waste ended studies on squir- 
rel monkeys, cats, and dogs 
at several federal facilities. 


facilities 


38,550 


Large commercial 


only seen the sun through a skylight. “Come 
on, Bushy!” Conour calls. But he just stares 
through the door at the world beyond. 

“All of them eventually go outside, but we 
don’t force them,” says Scott Kubisch, the 
sanctuary’s founder and director. “Being re- 
tired is all about having choices.” 

Kubisch talks about the sanctuary with 
the affection of someone who has spent 
more than 2 decades building it from noth- 
ing, largely with his own hands. He had the 
idea for Peaceable Primate in 1996, when he 
was a primate keeper at the Lincoln Park 
Zoo in Chicago, Hlinois. He wanted to do 
something for laboratory monkeys after 
their research days ended. So he started 


Where the monkeys are 
Most U.S. research monkeys live in four main types of facilities. In 2015, the last 
year relevant data were available, industry labs held the most. 


Primed to rise 
The total number of monkeys held in U.S. facilities has trended slightly downward 
over the past decade, but NIH expects these numbers to rise as researchers request 
more monkeys for studies on topics such as vaccines and the aging brain. 


Federal 
facilities 
8693 


ties trying to retire macaques,” he says, so 
the sanctuary began to take them in 2018. 
It now has 18 baboons and 14 macaques, in- 
cluding Bush. 

Such calls represented a shift: Many U.S. 
biomedical researchers have traditionally 
viewed sanctuaries suspiciously, fearing 
they are run by animal rights activists who 
will tar labs in the press to gin up public 
sympathy and donations. Other scientists 
have worried about the quality of care, not- 
ing that unlike labs, sanctuaries don’t have 
to register with the USDA, which requires 
regular inspections. (Many sanctuaries do 
seek membership with the North American 
Primate Sanctuary Alliance, which imposes 
strict standards of care.) When 
you send an animal to a sanc- 
tuary, says Cindy Buckmaster, 
chair of Americans for Medical 
Progress and former director 
of one of the country’s largest 
animal care and use facilities 
at Baylor College of Medicine in 
Houston, Texas, “you're putting 
them in a situation full of ques- 
tion marks.” 

Kubisch has addressed those 
concerns head-on. He is careful 
to neither extol nor denigrate 
monkey research. “Our stance 
is that we don’t take a stance,” 
he says. He also has registered 
Peaceable Primate with USDA 
and always has at least three an- 
imal care staff on the premises. 

Kubisch has tried to keep 
costs down as well. Sanctuar- 


Adding fuel to the retirement 


conversation, a January mem 
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ies can charge up to $25,000 
to care for a monkey, depend- 


to Congress from the Depart- 
ment of Health and Human 
Services—which includes NIH, 
the Centers for Disease Control 
and Prevention, and the Food 0 
and Drug Administration— 

stated that it is working toward 

retiring lab animals. “We are supportive of 
the adoption of cats, dogs, and primates 
when relocation is safe and medically ap- 
propriate,’ the agencies wrote. 

The proposals target only federal re- 
search, so they wouldn’t affect academic in- 
stitutions. But a few are moving ahead with 
their own plans. 


A HALF-HOUR HAS PASSED, and Bush seems 
more at ease in his new quarters. The sanc- 
tuary staff open a small door that leads 
outside to his own play area, with barrels 
to crawl into, swinging ropes made of fire- 
hoses, and bright orange balls stuffed with 
treats. Bush inches toward the opening and 
stops. He has never been outdoors. He has 


1184 6 DECEMBER 2019 « VOL 366 ISSUE 6470 


= 
a 
—— Se 


2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 


a nonprofit, asked friends to collect coins 
in monkey-shaped piggy banks, and took 
money from his retirement savings to buy 
land here, more than 2 hours south of Chi- 
cago, near a farm where he lived as a kid. 

“On weekends, I would come down and 
build the chicken coop and put in fences. 
Every tree you see here, I planted,” he says. 
“People at the zoo thought I was crazy.” 

In 2014, a friend left Kubisch a large 
donation in her will. With it, he created 
an endowment for the sanctuary and con- 
structed most of the remaining buildings. 
He originally intended Peaceable Primate 
as a baboon refuge, and the sanctuary took 
in its first three baboons in 2016. “But we 
were getting a lot more calls from universi- 
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ing on how many years it has 
left. (Macaques live an average 
of 27 years.) Peaceable Primate 
asks for about $2500 per year 
per animal. That’s much more 
expensive than euthanizing a 
monkey, but it’s cheaper than 
keeping it at a university—“a fifth of what 
Yale pays,’ says Smith, who oversees about 
150 monkeys there. 

Both he and Conour say monkey retire- 
ment had always been informal and piece- 
meal at their universities. Each has retired 
only about a half-dozen monkeys during 
their tenures. When they learned about 
Peaceable Primate, they persuaded their 
institutions to make a large financial in- 
vestment. (Neither school would say how 
much.) Conour and Smith say their univer- 
sities felt that forging a relationship with 
a single, well-regarded sanctuary would 
smooth the path of retirement. 

The result: a newly cleared plot of land 
just west of the macaque house. It’s not 
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much to look at today—a few cinder block 
bricks and a whole bunch of dirt. But by the 
end of the year, it will be a new macaque 
building, with the same large runs and out- 
door play area as the first one. “In their in- 
door runs alone, they’re going to have 10 to 
20 times as much space as they do at Yale,” 
Smith says. 

Bush will eventually move in here, and 
the house will be reserved for animals from 
Yale and Princeton. “It’s going to be the Ivy 
League building,” Smith jokes. “They'll all be 
wearing tweed coats.” 

The universities’ arrangement covers the 
cost of the building and lifetime care for six 
macaques from each school, even as old ones 
die and new ones come in. “We now have a 
pipeline to retirement,’ Smith says. 

But not everyone in the biomedical com- 
munity is likely to get on board. 


“IMAGINE YOU'RE A 70-YEAR-OLD human who 
knows everyone in your neighborhood, 
and then people pack you in a van and 
take you to a strange, new place where you 
don’t know anyone,” says Dettmer, the Yale 
primate researcher. “Even if it’s beautiful, 
being ripped away from everything you 
know can be devastating.” She points to an 
incident about 5 years ago, when 13 elderly 
research chimpanzees were transferred to 
a federal sanctuary in Louisiana. Within 
2 years, nine had died. The sanctuary 
said the chimps were sick and elderly, but 
many people in the biomedical community 
blamed the stress of relocation. 

Dettmer says the decision to retire chim- 
panzees to sanctuaries was a mistake, one 
she fears is being repeated with monkeys. 
Even older animals can be used in studies of 
the aging brain and body, she says. “There’s 
no such thing as a surplus monkey.’ 
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She, Buckmaster, and others also say none 
of the pending retirement legislation is 
realistic—it offers no money for retirement 
and creates no federal sanctuary, as was 
done with chimps. To retire and care for 
just the few thousand monkeys in federal 
facilities would cost more than $400 million, 
according to Speaking of Research, an inter- 
national organization that supports the use 
of animals in labs. And because only about 
a dozen U.S. sanctuaries now take monkeys, 
the sanctuary system doesn’t have space for 
even a fraction of them. 

Critics like Dettmer (who is active in 
Speaking of Research) also worry about a 
slippery slope. Talk of chimpanzee retire- 
ment went hand in hand with removing 
those animals from biomedical research— 
a concern “in the forefront of researchers’ 
minds,” regarding monkeys, Dettmer says. 

Dettmer says she understands the emo- 
tional appeal of monkey retirement but ar- 
gues that the needs of humans should come 
first. “We’re not just concerned about the 
welfare of animals,” she says. “We’re con- 
cerned about the welfare of society.” 


IN THE SWIRL OF OPINIONS, labs are trying to 
find their own way forward. Some universi- 
ties have already reached out to Smith to 
see whether they can create a retirement 
pipeline, too. Conour says a drug company 
has contacted her. “Right now, were the 
cool kids on the block,” she laughs. 

Johns Hopkins University in Baltimore, 
Maryland, is taking a different route. It’s 
considering creating its own sanctuary, on 
a farm in the Maryland countryside. Having 
its own facility would be cheaper and easier 
than sending monkeys to an outside sanc- 
tuary. What’s more, university staff “would 
see the animals they cared for and came to 
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know, sometimes since they were babies, 
enjoying their postresearch lives,” says Eric 
Hutchinson, associate director of research 
animal resources at the university, who 
came up with the idea. “And the public 
would see that an institution can be com- 
mitted to both animal welfare and high- 
quality biomedical research.” 

For labs going it alone, the Research Ani- 
mal Retirement Foundation may be able to 
help. Founded by former monkey lab man- 
ager Rachele McAndrew in Gilbert, Arizona, 
the organization is trying to raise funds for 
scientists who want to retire monkeys. It 
also offers advice on finding and working 
with sanctuaries. “We want to be a one- 
stop shop for labs interested in retirement,” 
McAndrew says. Smith says the interest is 
there. “I think it’s going to be a fairly hot 
topic for the foreseeable future.” 

Even Buckmaster, with her concerns 
about the sanctuary community, has found 
one she trusts and has retired close to a 
dozen monkeys there. “My pipe dream is 
for a small network of government-owned 
sanctuaries spread throughout the country 
that could take any type of research ani- 
mal,” she says. “The public wants that. We 
want that. These animals deserve that.” 

Kubisch has his own dream, hoping to con- 
tinue to grow his sanctuary. “I think we could 
eventually house up to 500 animals,” he says. 
“T want to be the go-to place for retirement.” 

Tomorrow, Bush will venture outdoors 
for the first time. He’ll wince at a blast of 
wind against his fur. He’ll stare curiously at 
birds as they chirp overhead. And he’ll push 
his hand into the dirt, feeling it envelop 
his fingers. Then he’ll look behind him at 
the small door to his run, perhaps ponder- 
ing whether he should go back inside—or 
remain in the sun. & 
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Wishlist-worthy books for young readers 


From cryptic ciphers and wall-climbing robots to dinosaur digs and visits to the planetarium, this 

year’s finalists for the Science Books and Films (SB&F) Prizes for Excellence in Science Books are packed 
with fun facts, easy-to-do experiments, and plenty of creepy-crawly creatures. Sponsored by Subaru and 
the American Association for the Advancement of Science (AAAS, the publisher of Science), the SB&F 
competition celebrates high-quality science books for young readers. Read on for reviews of the finalists, 
written by the staff of the Science family of journals, with help from a few friends. —Valerie Thompson 


Follow That Bee! 


Reviewed by Anand Balasubramani? 


Follow That Bee! introduces kids to bees and 
urban beekeeping. The book describes an 
afternoon that five friends—Martin, Nick, 
Yulee, Sally, and Pedro—spend with Mr. 
Cardinal, an urban beekeeper. Mr. Cardinal 
starts by telling the kids that bees like to 
eat both nectar and pollen from flowers and 
explains how to set up a bee-friendly gar- 
den. The kids learn fun facts about bees and 
the importance of bees as pollinators. (My 
favorite factoid was that bees cannot see the 
color red and thus prefer purple, blue, and 
yellow flowers.) 

Mr. Cardinal then introduces the kids to 
the roles of different bees in a hive and how 
they talk to each other. When they learn that 
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bees communicate with each other by danc- 
ing, the children start dancing too. 

Later on, a bee stings Nick’s foot. Mr. Car- 
dinal, pulling out the stinger and cleaning 
the wound, uses this as an opportunity to 
remind the kids that they should be very 
careful around bees. Toward the end of the 
visit, he shows the kids how he uses smoke 
to calm the bees when he collects honey 
from their hives, and they help him bottle 
the honey. 

Scot Ritchie’s book contains some superb 
illustrations of bees and the hives they live 
in. It also does an excellent job of explain- 
ing the importance of urban beekeeping and 
offers tips for how both kids and adults can 
give bees a helping hand, such as by limiting 
the use of pesticides and by setting up baths 
for bees to drink water from in our gardens. 


Follow That Bee! A First Book of Bees in the City, 
Scot Ritchie, Kids Can Press, 2019, 32 pp. 
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When Sue Found Sue 


Reviewed by Jennifer Sills? 


For children who constantly fill their pock- 
ets with treasures, there is the story of Sue 
Hendrickson. A child who loved to find 
things, Hendrickson grew up to discover a 
skeleton of a Tyrannosaurus rex. 

In When Sue Found Sue, we learn that 
Hendrickson, who was shy and isolated in 
her early years, had little formal school- 
ing but lots of curiosity. The story briefly 
touches on Hendrickson’s early career div- 
ing for lost ships and mining for amber 
before turning to her work digging for di- 
nosaur fossils in South Dakota. There, she 
and a team of paleontologists—all driven by 
a passion for finding things—faced intense 
heat and spartan accommodations. 

One day, Hendrickson ventured off alone 
and spotted bones she knew belonged to 
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a T. rex. The team named the T: rex “Sue” in 
her honor. It is now displayed in a museum 
Hendrickson frequented as a child. 

Quotes from Hendrickson give the tale 
an added boost of realism, but the text, in 
staying true to Hendrickson’s life, might 
occasionally leave young readers confused. 
(References to Dominican amber mines and 
“a long dispute about ownership” of the 7: 
rex, for example, go unexplained.) Nonethe- 
less, children will relate to Hendrickson’s 
joy in discoveries big and small, highlighted 
by splashes of yellow in the vibrant water- 
color illustrations. 

Hendrickson’s transition from a solitary 
outsider to an integral part of a team gives 
the story another note of optimism. One way 
to read the book’s title is as a straightfor- 
ward description of the climactic moment 
when Sue the scientist found Sue the T. rex. 
But perhaps as Sue raced back to share her 
findings with the group of like-minded trea- 
sure hunters, she also found herself. 


When Sue Found Sue: Sue Hendrickson Discovers 
Her T. Rex, Toni Buzzeo, Illustrated by Diana Sudyka, 
Abrams, 2019, 32 pp. 


Moth 


Reviewed by Brad Wible® 
Moth is a storybook illustration of a text- 
book tale of environmental degradation, 


then rehabilitation, and the natural se- 
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lection driven by both. The tale is vividly 
brought to life in spellbinding watercolor 
collage renderings of swirling Geometridae 
and landscapes caked in soot. 

We learn that peppered moths (Biston 
betularia) in the United Kingdom had a lik- 
ing for trees covered in lichen, their light- 
and-dark speckled wing and body coloring 
camouflaging them as they rested. The 
more charcoal-colored among them were, 
as any hungry bird would have told you, 
more conspicuous and thus extremely rare. 

But the Industrial Revolution turned the 
world upside down, literally turning white 
to black. Coal-fired factories drowned the 
sky and everything under it with soot. 
Trees blackened, lichen succumbed to 
sulfur dioxide, and the charcoal-colored 
moths became less conspicuous than 
their lighter relatives. Again, the birds no- 
ticed, and the once-prominent speckled 
moths became far less common than their 
charcoal-colored kin. 

Eventually, we began to recognize the 
myriad ills of pollution. The air got cleaner. 
The trees and lichen recovered. And once 
again the lighter-speckled moths _ be- 
came more successful at blending in and 
survived. 

Evolution is not always so tidy. But to- 
gether, Thomas’s words and Egnéus’s il- 
lustrations introduce the contours and 
landmarks of this story in an elegant 
and engaging fashion. Moth also conveys 
broader lessons to guide young readers on 
a journey into a life in science, or just a life 
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well lived: “Scramble through a forest... 
Be silent. Be still. Look closely...and hope.” 


Moth: An Evolution Story, Isabel Thomas, Illustrated 
by Daniel Egnéus, Bloomsbury, 2019, 48 pp. 


Butterflies in Room 6 


Reviewed by Caroline Ash* 


Metamorphosis—of ugly ducklings into 
swans, of jellylike spawn into frogs, of cater- 
pillars into butterflies—always seems miracu- 
lous. In this book on insect metamorphosis, 
Caroline Arnold tells the story of Mrs. Best, 
a kindergarten teacher who brings a tiny 
vial of butterfly eggs into her classroom. 
Her students supply a vivarium with special 
caterpillar food so they can watch the meta- 
morphosis of the eggs into caterpillars, then 
pupae, and finally glorious adult painted la- 
dies. The book takes the reader through the 
course of the children’s project, with a series 
of fine photographs showing the details of 
each stage in the life cycle of the butterflies. 
The exciting anticipation of each transforma- 
tion is summarized in carefully considered 
text and culminates, of course, with the day 
the exquisite adults emerge from the pu- 
pal case, unfurl, and stiffen their patterned 
wings. Beautiful close-up images let the read- 
ers examine details of the insects’ anatomy 
and learn about butterfly biology. 

Finally, a warm day arrives, and it is time 
to release the butterflies. The dazed insects 
first walk onto the children’s hands before 
lifting off to disappear over the horizon. For- 
tunately, some hang around to appreciate the 
school garden’s flowers. 

It would have been good for Butterflies in 
Room 6 to say a little more about why insects 
are having such a tough time now, as well 
as more about their role in pollination and 
human food security. Still, it is an excellent 
book, sure to generate discussion and flights 
of imagination among humans who are simi- 
larly poised for big changes. 


Butterflies in Room 6: See How They Grow, 
Caroline Arnold, Charlesbridge, 2019, 40 pp. 


MIDDLE GRADES SCIENCE BOOK 


Planetarium 


Reviewed by Hilary Stewart® 


Planetarium is designed to replicate the 
experience of walking through a museum 
exhibition. It succeeds in this goal, cap- 
turing the residual wonder that one feels 
when stepping out of a quiet planetarium 
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Particles from the Sun compress Earth’s magnetosphere on the side facing the Sun and stretch it into a long tail on the side facing away from the Sun. 


into the bright light of day. Raman Prinja 
takes readers on a tour of space, starting 
from our own Solar System. We stop at the 
Sun and every planet along the way, then 
travel through asteroids, comets, and dwarf 
planets, before moving on to exoplanets, 
other stars, our Galaxy, and finally our Uni- 
verse. Each page is accompanied by Chris 
Wormell’s beautiful illustrations, which 
make the book feel truly timeless. 

Like any good museum display, each page 
is bite-sized and accessible to its target age 
group (8- to 12-year-olds). Prinja makes lib- 
eral and clever use of analogies to convey just 
how big (or small, or difficult) things are. He 
answers questions before the reader can even 
ask them, often with a nice touch of humor: 
How do we find other planets? What would 
it be like to stand on Venus? Who decided on 
the constellations we use today? What holds 
the arms of a spiral galaxy together? 

The book concludes with theories of how 
our Universe will end, which range from 
“The Big Rip,” where the Universe’s growth 
accelerates until it tears itself apart; to “The 
Big Crunch,’ a contraction of the Universe 
down to nearly nothing; to “The Big Chill,” 
the continual expansion of the Universe un- 
til it slowly cools and dies. This should feel 
more grim than it does, but Prinja cuts the 
tension with wonder at the mysteries that 
are left to uncover and a persistent sense 
that we are on the cusp of knowing more. 


Planetarium, Raman Prinja, Illustrated by Chris 
Wormell, Big Picture Press, 2019, 104 pp. 


Eye Spy 


Reviewed by Pamela J. Hines® 


The table in my hallway is blue. My son 
swears it’s green. My nephew says it’s 
brown. Vision helps us interpret the world 
around us, but what if we each see the same 
thing differently? Eye Spy, a child’s lift-the- 
flap book, gives readers a glimpse into the 
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lives of animals whose views of the world 
are even more divergent than my family’s. 

The woodcock has eyes on the sides of 
its head that deliver a full-circle view. The 
chameleon, disorienting to look at, has an 
equally disorienting view of its own world, 
with eyes that can work together or roll 
around independently, as needed. The book 
is filled with fun facts and relates field of 
view, color perception, and sharpness of 
focus to an animal’s place in the pecking 
order: predator, prey, vegetarian, frugivore. 
The lift-the-flap approach brings an ele- 
ment of surprise for a child looking through 
the eyes of the animals drawn on the page, 
although the detailed factual summaries in- 
side the flaps might require a bit of adult 
interpretation for the younger child. 

In the end, I was reassured to learn that 
my perpetual nearsightedness, although 
perhaps not normal for humans, is how 
most chimpanzees see the world. (Maybe 
that’s why I like fruit so much?) 


Eye Spy: Wild Ways Animals See the World, 
Guillaume Duprat, What on Earth Books, 2018, 36 pp. 


Kid Scientists 


Reviewed by Hadassah Nusinovich Ucko’ and 
Yevgeniya Nusinovich® 


Kid Scientists by David Stabler is a biog- 
raphy about the childhoods of famous sci- 
entists. The featured scientists—including 
Jane Goodall, Albert Einstein, and Stephen 
Hawking—are presented at around the 
same age as the target audience, making it 
easier for readers to identify with them. The 
book’s main goal, which is admirably 
achieved, appears to be supporting young 
people’s interest in science. 

Each story starts with that particular 
scientist’s early inspiration and is accompa- 
nied by simple activities that any child can 
do, such as stargazing. An essay on Kath- 
erine Johnson, for example, describes her 
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predilection for counting household items, 
such as dishes, long before she became a 
professional mathematician. 

Stabler carefully avoids favoring any one 
group of people, achieving an even balance 
between scientists of different races and gen- 
ders, which makes it easier for children of 
various backgrounds to find role models who 
look like them. Although the author’s efforts 
to emphasize the stories of women and peo- 
ple of color appear obvious to an adult reader, 
children are unlikely to notice this as a delib- 
erate choice on the author’s part. (Children 
may likewise fail to notice when the book 
glosses over important details, such as the 
influence of the World Wars on the scientific 
enterprise.) Occasionally, the book’s attempts 
to communicate the barriers faced by women 
and minorities in science lack subtlety and 
can come across as heavy-handed (e.g., “be- 
cause of her gender, [Rosalind Franklin] was 
never given proper credit for her discover- 
ies”), but, overall, the stories read well. 

In the end, Kid Scientists is an interesting 
collection of anecdotes, with stories about 
Benjamin Franklin’s swimming fins, Ada 
Lovelace’s obsession with flying horses, and 
other fun facts that most readers are un- 
likely to have encountered before. As such, 
most children should enjoy reading it, with- 
out noticing how much they are learning, as 
they internalize the idea that they, too, can 
grow up to be scientists. 


Kid Scientists: True Tales of Childhood from Science 
Superstars, David Stabler, Illustrated by Anoosha Syed, 
Quirk Books, 2018, 207 pp. 


Owling 


Reviewed by Laura M. Zahn? 


Birds are some of the most accessible wild 
animals. Observing them requires no spe- 
cial equipment. Although we may hear owls 
outside as we prepare to slumber, however, 
few of us see them regularly. 

Focusing on the biology of these predatory 
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birds, this book is broken into four chapters 
that are accessible to most ages, although 
younger children will probably want to focus 
on the many fascinating owl pictures. Fun 
facts are tucked among the pages, often with 
photographic illustrations. Did you know, for 
example, that owls have feathered eyelids? 

Author Mark Wilson is a wildlife photo- 
journalist who also cares for owls that can- 
not live in the wild. This access lends itself 
to stunning images of the species discussed 
in the book, which include photographs of 
their habitat and identifying marks, as well 
as many images of nestlings. 

The book discusses some avian common- 
alities, as well as how owls differ from other 
birds. One section specifically introduces the 
19 owl species of North America, including 
how and where to find and identify them. 
Noting that owls are probably closer than 
one might think and that many are active 
during the day, one of the highlights of the 
book is the discussion of how to study one’s 
surroundings to identify the likely presence 
and location of a nearby owl. (Hint: Look for 
their excrement and remains of their meals, 
known as owl pellets.) 

Owling presents several case studies of 
people who work with owls, providing role 
models and offering potential future careers 
for its younger readers. Anyone interested in 
identifying and learning about the owls with 
which we share the world will likely enjoy 
paging through this book, all the more so if 
it is used as an owl guide. 


Owling: Enter the World of the Mysterious Birds of 
the Night, Mark Wilson, Storey Publishing, 2019, 122 pp. 


HANDS-ON SCIENCE BOOK 


Plantology 


Reviewed by Michael A. Funk’? 


Go outside and look around. Unless your sur- 
roundings are buried in snow, you will likely 
see green leaves, budding flowers, and tough 
weeds. But have you ever stopped to compare 
leaf shapes, count the number of petals, or 
see if a taproot is hidden underground? Such 
activities are just the tip of the iceberg (let- 
tuce!) when it comes to the experiments and 
observations suggested in Plantology. 
Starting with the simple question “what is 
a plant?” this book delves into the vast and 
often surprising diversity of the kingdom 
Plantae. Each chapter covers an aspect of 
plant structure and function, laying out gen- 
eral principles but also offering surprising 
examples of when things get weird. Did you 
know that some orchids trap bees inside their 
flowers in order to glue pollen to them? Or 
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that some plants do not have leaves at all and 
instead extract energy from fungi through 
their roots? These facts collectively empha- 
size that every plant is worth a careful look, 
as millions of years of adaptation have left 
nearly every evolutionary route explored and 
few rules unbroken. 

Aside from the information conveyed in 
the diagrams and (quite complex) descrip- 
tions and anecdotes, this book offers a simple 
imperative for budding naturalists: Go out- 
side and document everything you see. Col- 
ored pencils, a nature journal, and a hand 
lens would make great accompaniments for 
this book, as they are needed for many of the 
activities. Most of the exercises require little 
more than this equipment, time, and atten- 
tion, although there are a few ideas for those 
with access to a garden plot and a kitchen. 
The final chapter offers a brief introduction 
to how humans use plants as crops and, if 
young readers are hooked on plants by then, 
some career advice. 


Plantology: 30 Activities and Observations for 
Exploring the World of Plants, Michael Elsohn Ross, 
Chicago Review Press, 2019, 128 pp. 


Chameleons see colors better than we do, helping 
them catch prey and create convincing camouflage. 


Science in a Jar 


Reviewed by Seth Scanlon” 


Do you have a surplus of glass jars clogging 
your cupboards and children who are curi- 
ous and excited about the world? If so, Julia 
Garstecki’s collection of more than 35 house- 
hold experiments may be a great addition to 
your library. This book is divided into chap- 
ters on life science, chemistry, earth science, 
physical science, and environmental science. 
Similar to Jonathan Adolph’s 2018 book 
Mason Jar Science, the premise is that all of 
these experiments are to be conducted us- 
ing glass jars of varying sizes. Although the 
aim is to use common household materials 
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(stock up on food coloring—you’ll need it!), 
experiments occasionally call for items that 
are unlikely to be lying around (e.g., iron fil- 
ings and a dual-probe thermometer). 

For each experiment, the central con- 
cepts being tested are artfully conveyed us- 
ing bright, inviting photos and accessibly 
written introductions, followed by a materi- 
als list and clear step-by-step instructions. 
Each experiment closes with an “Observa- 
tions” section, which provides explanations 
and further questions. Fun facts on tangen- 
tial topics—from earthworm poop to the 
autonomous sensory meridian response— 
make an occasional appearance. 

Many classic household experiments— 
such as dissolving eggs in acid, synthesiz- 
ing slime, and generating explosions of 
vinegar and baking soda—can be found 
among the book’s 120+ pages. Although 
most of the experiments listed are meant 
to be conducted indoors, several encour- 
age children to go outside and explore 
the natural world. Where Science in a Jar 
really shines is with its simplest experi- 
ments, which manage to explain broadly 
interesting concepts—such as why puppies 
snuggle when they sleep and how clouds 
form—in a fun and accessible way. 


Science in a Jar: 35+ Experiments in Biology, 
Chemistry, Weather, the Environment, and More!, 
Julia Garstecki, Quarto, 2019, 128 pp. 


Can You Crack 
the Code? 


Reviewed by Adrian Cho” 


Readers who think it would be fun to send 
secret messages—i.e., practically all of 
them—will enjoy this book, which is both a 
brief history of encryption and a beginner’s 
how-to manual. Ella Schwartz, a cybersecu- 
rity expert, uses a breezy style that itself is 
never cryptic, and Lily Williams’s illustra- 
tions make the concepts readily accessible. 

The book begins with a simple substi- 
tution cipher, used by Julius Caesar, in 
which every letter of the alphabet is signi- 
fied by another letter a specific number of 
spots away. It then works through more- 
complicated substitution ciphers, symbolic 
ciphers, and ciphers in which a message 
is spelled out in the first letters of specific 
words in a specific book. Schwartz poses 
puzzles so the reader can try the schemes. 
She describes Enigma, the complex cipher 
used by the Germans, and cracked by the 
British, during World War II, and the basic 
idea behind internet encryption. 

Along the way, Schwartz provides fascinat- 
ing examples of codes that have long defied 
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decryption. For example, in 1990 the U.S. 
Central Intelligence Agency installed at its 
headquarters in Langley, Virginia, a sculp- 
ture in which artist Jim Sanborn encrypted 
a message. Even the agency’s cryptographers 
have yet to completely decipher it. 

The book might have gone a tad deeper 
and explained how digital messages con- 
sist of binary numbers and how one can 
be encrypted, for example, using a string of 
random zeros and ones that only the sender 
and the receiver share. Such a discussion 
might have set up the chapter on internet 
encryption more concretely. 

But that’s a quibble. The book should in- 
spire students who enjoy puzzles to invent 
their own ciphers. As Caesar might have put 
it, viku dqqm ku c nqv gh hwp! 


Can You Crack the Code? A Fascinating History 
of Ciphers and Cryptography, Ella Schwartz, 
Illustrated by Lily Williams, Bloomsbury, 2019, 128 pp. 


George Washington 
Carver for Kids 


Reviewed by Monica Bradford 


Most people remember George Washing- 
ton Carver as a Black inventor who cre- 
ated close to 300 peanut products. Peggy 
Thomas’s book moves beyond that one- 
dimensional view as she guides the reader 
through Carver’s life story. Born in the 
early 1860s to enslaved parents, Carver 
overcame poverty and segregation to de- 
vote his life to improving the livelihood 
of impoverished Black farmers. Combin- 
ing his early love of nature and painting, 
Carver became a naturalist, an ecologist, 
and a conservationist long before these 
were valued disciplines. 

Sprinkled through the book are 21 activi- 
ties related to Carter’s life experiences and 
the challenges he faced. Some of these easy- 
to-follow activities encourage readers to act 
like a naturalist by, for example, making 
their own herbarium. Others allow readers 
to experience tasks required for daily sur- 
vival: turning a gourd into a bowl, cooking 
with weeds, and making blocks like those 
Carver used to construct a sod home. 

As the first Black student to attend Iowa 
Agricultural College (IAC; now Iowa State 
University), Carver faced segregation and 
isolation until an act of solidarity helped 
break the ice with the other students and 
faculty. The activity associated with this 
event encourages readers to form a welcom- 
ing committee for new students. Another 
activity focuses on learning to deliver a 
speech, a skill that Carver developed at IAC 
and later used to teach farmers, politicians, 
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and leaders of industry about plants, soils, 
and the potential of natural products. 

Clearly, the knowledge Carver shared in 
the early 1900s still resonates today. Hope- 
fully, young readers will be inspired by his 
resilience, thirst for learning, and passion 
for improving lives. 


George Washington Carver for Kids: 
His Life and Discoveries with 21 Activities, 
Peggy Thomas, Chicago Review Press, 2019, 136 pp. 


YOUNG ADULT SCIENCE BOOK 


How to Walk on Water 
and Climb up Walls 


Reviewed by Marc S. Lavine™* 


At the intersection of fluid, solid, and gaseous 
flow; animal motion and mechanics; applied 
mathematics; and robotics lies the research 
of David Hu. Through stories about research- 
ers he has interacted with over the course of 
his career and a biographical view of his own 
projects, Hu shows readers that we still have 
a lot to learn about animal locomotion. 

As humans, we are capable of traversing 
a range of terrain, including mud, sand, 
and rocky ground. We can move through 
water or air. There are many animals, how- 
ever, that excel in environments where we 
struggle. The indestructible cockroach, 
for example, not only can survive being 
squashed to a quarter of its original height, 
it will alter the shape of its legs so that it 
can continue to move forward. It also has 
antennae that it can move at full speed even 
when surrounded by obstacles. These abili- 
ties are reasons why the cockroach is used 
as a model organism for the development 
of inexpensive robots that might one day be 
used in search-and-rescue missions in haz- 
ardous environments. 

The combination of fluid mechanics and 
animal physiology helps explain the optimal 
length of eyelashes for filtering out debris, 
flying snakes that glide efficiently with no 
wing or web structure, and how ants form 
robust collective rafts. However, the study 
of motion goes beyond the movement itself. 
Animals such as lamprey reveal how motion 
can be controlled, not by a brain but by a 
series of central pattern generators that are 
sets of small interacting periodic motions. 
This allows a salamander to change from a 
walking motion to a swimming one just by 
altering the speed of the lead oscillations. 

Studying animal motion in fine detail may 
seem wasteful to many, but as Hu convinc- 
ingly shows, a detailed understanding of the 
interaction between biology and fluid me- 
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chanics is interesting in its own right and a 
rich source of design and engineering ideas. 


How to Walk on Water and Climb up Walls: 
Animal Movement and the Robots of the Future, 
David L. Hu, Princeton University Press, 2018, 238 pp. 


Never Home Alone 


Reviewed by Andrew Sugden® 


Although you may encounter reminders of 
life that flourishes outdoors—the occasional 
spider in the bath, the mold that sometimes 
sprouts on food—by and large, the only liv- 
ing beings you consciously encounter in 
your home are the other people in your life 
and your pets. After reading this book, you 
will probably see things quite differently. 

Our homes are teeming with life. A mi- 
crobial analysis of household dust samples 
from just 40 homes in North Carolina 
yielded nearly 8000 different microbial 
taxa, for example. Household microbial 
communities vary by habitat: As Rob Dunn 
writes, “...samples from pillowcases and toi- 
let seats are different from each other, but 
perhaps not as different as you might hope.” 

Larger creatures are often hiding in plain 
sight as well. Dunn describes surveys of the 
arthropod communities in homes around 
the world. His own house was home to at 
least 100 arthropod species—mainly flies 
and spiders—and worldwide, the numbers 
of species stretch into the thousands. 

Dunn considers how human history (and 
prehistory) may have shaped the microbial 
communities that have evolved to share our 
lives. He delves into research that enumerates 
the health benefits to humans of closer con- 
tact with natural biodiversity and, conversely, 
the problems that arise through the evolution 
of pathogens resistant to control measures. 
Perhaps above all, this book is a vehicle for 
conveying the story of how science is done— 
the quirks and collaborations that lead from 
one discovery to another, and the role of citi- 
zen science in advancing knowledge. 


Never Home Alone: From Microbes to Millipedes, 
Camel Crickets, and Honeybees, the Natural 
History of Where We Live, Rob Dunn, Basic Books, 
2018, 330 pp. 


Superheavy 


Reviewed by Nathaniel Smith’* 


Kit Chapman begins his story of the early 
hunt for so-called “superheavy” elements 
with Enrico Fermi, the scrappy Italian physi- 
cist who claimed, erroneously, to have discov- 
ered elements 93 and 94. As the first scientist 
to develop a technique for a phenomenon 
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called neutron capture, Fermi paved the way 
for a number of element discoveries to come. 
From Rome, we travel to Berlin for the dis- 
covery of nuclear fission in 1938 and then on 
to Berkeley, California, where scientists be- 
gan the search for the transuranic elements 
(elements heavier than uranium) in 1939. 

Chapman does an admirable job of bring- 
ing to the forefront the incredible contribu- 
tions of women scientists to this endeavor. 
One such story is that of nuclear chemist 
Darleane Hoffman, who was told repeatedly 
that she should set her sights on becoming a 
chemistry teacher. Instead, she would go on 
to hold appointments at Oak Ridge National 
Laboratory, Los Alamos, and the University 
of California, Berkeley, and earn her place in 
history by confirming the existence of seabor- 
gium (element 106). 

In the final third of the book, Chapman 
takes readers on a tour of the modern world 
of element discovery. Tales from RIKEN in Ja- 
pan, GSI in Germany, and other international 
laboratories complement stories from the 
early post-Cold War period, including anec- 
dotes about collaborations between research- 
ers at Berkeley and those in Dubna, Russia. 

Although some transuranic elements have 
proven useful in medical science and other 
applications, the elements beyond 118 are 
very unstable. Practical use of these materi- 
als, then, is not the point. Even the honor 
of choosing the names of newly discovered 
elements—a topic into which Chapman dives 
perhaps too deeply—is not the point. It is the 
acquisition of knowledge, the drive to expand 
our understanding of the world, that many 
would say is the purpose of such an endeavor. 


Superheavy: Making and Breaking the Periodic 
Table, Kit Chapman, Bloomsbury Sigma, 2019, 304 pp. 


For a full-length review of Superheavy, see “Our autumn 
reading list,” Science 365, 972 (2019). 


The Ice at the End 
of the World 


Reviewed by William E. Glassley”” 


Although Greenland occasionally figures 
into news stories and debates about rising 
sea level and a warming Earth, the relevant 
historical background rarely enters into 
such discussions. Consequently, many fas- 


PNAS, 

cinating elements of the island’s story that 
could capture the interest and attention of 
the public have lain dormant. Jon Gertner’s 
compelling book, The Ice at the End of the 
World, addresses this paucity with intelli- 
gence and insight. 

The book is divided into two parts. 
Part 1, “Explorations,” describes expeditions 
that took place near the turn of the 20th 
century. Gertner conveys the psychological 
and physical struggles these individuals suf- 
fered through, as well as their exhilarating 
successes, with a realism that acknowledges 
the emotional and physical toll of these en- 
deavors. In Part 2, “Investigations,” Gertner 
chronicles the evolution of scientific stud- 
ies of the Greenland ice sheet between 1949 
and 2018. Detailed here are the challenges 
that were surmounted to obtain continuous 
ice cores suitable for establishing a chrono- 
logical record and that would provide mate- 
rial for laboratory analyses. 

Gertner also describes the evolution of 
technology that expanded our knowledge 
of the physical properties of Greenland’s ice 
and enhanced our understanding of its dy- 
namics. He communicates the importance 


Aplane flies over 
southeast Greenland as 
part of a NASA mission 
to monitor polar ice. 


of these accomplishments through candid 
observations from those involved. 

Without judgment or comment, Gertner 
provides details worthy of philosophical 
reflection about the influence that military 
pursuits have had on the ability to con- 
duct research in remote settings and how 
we value science. In the book’s closing 
chapters, he discusses global warming, de- 
scribing the controversy of whether rapid 
climate change has ever happened or even 
could happen. He also articulates its stag- 
gering implications. 

Greenland and its ice will remain a place 
rich with opportunities for research and in- 
vestigation, and Gertner’s excellent book is 
a must-read for those who are curious about 
the history of exploration and the pursuit of 
science there. 


The Ice at the End of the World: An Epic Journey 
into Greenland’s Buried Past and Our Perilous Future, 
Jon Gertner, Random House, 2019, 445 pp. 


For a full-length review of The Ice at the End of the 
World, see “A remote region, revealed,” Science 364, 
1241 (2019). 


10.1126/science.aba0957 
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Close-up view of 


an active asteroid 


Particle ejections from Bennu : 
could shape the object and send 


material into space 


NASA's OSIRIS-REx spacecraft is going to collect a sample from the surface of asteroid Bennu in 2020 and return it to Earth in 2023. 


By Jessica Agarwal 


ost asteroids are irregularly shaped 

celestial bodies tens of kilometers 

in size or smaller that orbit the Sun 

inside the orbit of Jupiter. They 

are mostly rocky and have a wide 

range of compositions. This distin- 
guishes them from comets, which originate 
further out in the solar system and contain a 
large fraction of ice that turns into gas when 
heated by the Sun and leads to the formation 
of the characteristic dust tail. On page 1217 
of this issue, Lauretta et al. (1) found centi- 
meter-sized debris ejected from the surface 
of the likely ice-free asteroid 101955 Bennu 
in images taken by NASA’s OSIRIS-REx (Ori- 
gins, Spectral Interpretation, Resource Iden- 
tification, and Security-Regolith Explorer) 
spacecraft. The cause of this particle ejection 
remains somewhat puzzling, but 
the observations show that aster- 
oids are far from being inert bod- 
ies (see the figure). 

The notion that asteroids may 
not be entirely inert came with 
the 1996 discovery of a comet- 
like dust tail following the as- 
teroid 7968 Elst-Pizarro (2, 3). 
Roughly two dozen objects in 
asteroidal orbits since then 
were found to be temporarily 
ejecting dust in large enough 


Bennu 


nal reconfiguration due to fast rotation may 
also lead to dust emission. Processes related 
to electrostatic charging or thermal effects 
are possible but less likely to induce detect- 
able activity from Earth, unless an object is 
very close to the Sun (6). 

Asteroid 101955 Bennu has a diameter of 
~500 m and the shape of a “spinning top’"— 
roughly spherical, but somewhat pointed 
near the poles and bulgy in the equatorial 
zone (7). Bennu is categorized as a near-Earth 
asteroid (NEA) because it is located between 
0.9 and 14 times the distance between Earth 
and the Sun. Bennu is likely composed of 
materials similar to a certain type of carbon- 
rich meteorites found on Earth called the CM 
chondrites (8). Like most asteroids of its size, 
Bennu is likely a “rubble pile,” a collection of 
boulders held together mainly by their own 
gravity and with half of the volume empty (7). 


Unexpected particle ejection 
Several particle ejection events from the surface of the asteroid Bennu 
were observed. The events all occurred during the local afternoon, 
possibly because of thermal cracking and higher rates of micrometeorite 
impact. The particles can be ejected into space, orbit the asteroid for a 
short time, or fall back onto the surface. NASA's OSIRIS-REx spacecraft 

is going to collect a sample from the surface of asteroid Bennu in 2020 
and return it to Earth in 2023. 


Rotational axis 


* 245m mean 


The main purpose of NASA’s OSIRIS-REx 
mission is to obtain a sample from the sur- 
face of Bennu (in 2020) and return it to Earth 
for analysis (in 2023). Since the beginning of 
2019, the spacecraft has been thoroughly in- 
vestigating the asteroid in order to pick and 
characterize the sampling site (9). Lauretta 
et al. found in images from the navigation 
camera particles traveling in the near envi- 
ronment of Bennu recorded as bright points 
against the dark sky. The authors identified 
three major ejection events in early 2019. 
About 100 centimeter-scale particles per 
event left the surface from specific locations 
and at specific times. The three source loca- 
tions do not seem to have much in common 
or to be geologically different from the rest 
of the surface. But all three events took place 
in the local afternoon of Bennu. The authors 
also identified a background population of 
particles. These particles had a 
variety of trajectories from many 
different source regions and ejec- 
tion times. Some particles were 
launched into interplanetary 
space, whereas others eventually 
fell back to Bennu’s surface. 

Lauretta et al. rule out two 
“standard” processes for aster- 
oidal particle ejection: ice sub- 
limation and rotational disinte- 
gration. Electrostatic lofting of 
particles from the surfaces of air- 
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quantities to be observable with 
Earth-based telescopes. Multiple 
causes have been identified, but 
the accepted main sources are 
sublimation of subsurface water 
ice (4) and collisions with other 
asteroids (5). Break-up or inter- 
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less bodies was inconsistent with 
their observations. The authors 
identify micrometeorite impacts, 
the loss of water molecules em- 
bedded in silicate minerals, ther- 
mal stress fracturing of boulders, 
or a combination of these as pos- 
sible causes of particle ejection. 
On Bennu, boulder surfaces have 
100 K temperature changes at a 
centimeter-depth scale and on 
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time scales of the 4.3-hour rotation period. 
Both the meteorite flux and the temperature 
at 2 cm depth should peak in the local after- 
noon, which lines up with the timing of the 
major particle ejections. 

The discovery of particle ejections is sur- 
prising and may suggest that all asteroids 
are active at some level. However, previous 
spacecraft that have visited asteroids have 
not documented this type of event. Key an- 
swers may come from the Hayabusa2 mission 
by the Japan Aerospace Exploration Agency 
to the asteroid Ryugu (0), which resembles 
Bennu in terms of shape, density and orbit 
but likely is composed of different material. 
Like OSIRIS-REx, Hayabusa2 is character- 
izing the asteroid in great detail in order to 
bring back a sample of it in 2020. The pres- 
ence or absence of activity will provide some 
additional constraints on the low-level activ- 
ity of small asteroids. 

The Bennu observations leave open a ques- 
tion of how to predict such low-level activ- 
ity of the many millions of asteroids not tar- 
geted for missions. Estimating the amount 
of debris that is released into interplanetary 
space is clearly important but very challeng- 
ing. Depending on the driving process for 
Bennu’s ejections, there may or may not be a 
continuum between it and “classically” active 
asteroids. The activity on Bennu shows that 
an apparently inactive asteroid can harbor a 
complex dynamic of debris reimpacting the 
surface or feeding the interplanetary dust 
cloud. This process may have implications for 
Bennu’s evolution. A similar observation was 
made at comet 67P/Churyumov-Gerasimenko 
by the European Space Agency’s Rosetta mis- 
sion, which found small outbursts of gas 
and debris emission through the comet’s 
entire perihelion passage (JJ). Earth-based 
telescopes did not pick up this activity (72). 
Isolating the detailed processes across differ- 
ent scales that drive activity on asteroids and 
comets is important to understand the evolu- 
tion of these bodies and how they supply dust 
to interplanetary space. & 


REFERENCES AND NOTES 


D.S. Lauretta et al., Science 366, eaay3544 (2019). 

E.W. Elst et al., AU Circular 6456 (1996). 

H.H. Hsieh, D.C. Jewitt, Y. R. Fernandez, Astron. J. 127, 

2997 (2004). 

H.H. Hsieh, D. Jewitt, Science 312, 561 (2006). 

M. Ishiguro et al., Astrophys. J. 741, L24 (2011). 

D. Jewitt et al., in Asteroids IV, P. Michel et al. , eds. (Univ. 

Arizona Press, 2015). 

D.S. Lauretta et al., Nature 568, 55 (2019). 

D.N. DellaGiustina et a/., New Astron. 3, 341351 (2019). 

D.S. Lauretta et al. “Space Sci. Rev. 212,925 (2017). 

. S.Watanabe et al., Science 364, 268 (2019). 

J.-B. Vincent etal., Mon. Not. R. Astron. Soc. 462 

(suppl.1), S184 (2016). 

12. H.Béhnhardtetal., Mon. Not. R. Astron. Soc. 462, S376 
(2016). 


ACKNOWLEDGMENTS 


This work was supported by the European Research Council 
Starting Grant 757390 “CAstRA.” 


10.1126/science.aaz7129 


PO~CMPN MAF WHE 


Pe 


SCIENCE sciencemag.org 


STEM CELLS 


Lymphatic vessels 
as astem cell niche 


Reciprocal signaling between lymphatic vessels 
and hair follicle stem cells drives skin regeneration 


By Natasha L. Harvey 


ymphatic vessels play crucial roles in 
tissue fluid homeostasis, immune cell 
trafficking, and dietary lipid absorp- 
tion. An extensive network of lym- 
phatic vessels beneath the epidermis 
provide a highway for the transport of 
immune cells that patrol the skin to lymph 
nodes, where antigens are presented to the 
immune system for surveillance (J). On 
page 1218 of this issue, Gur-Cohen et al. (2) 
reveal that in addition to regulating inter- 
stitial fluid balance and directing immune 
cell traffic, lymphatic vessels in mouse skin 
comprise an important stem cell niche. 
This intriguing work demonstrates that 
superficial lymphatic vessels located in 
the dermis share an intimate and dynamic 
spatial association with hair follicle stem 
cells (HFSCs) and that signaling between 
these two compartments coordinates hair 
follicle cycling and skin regeneration. 
Stem cell niches are specialized microen- 
vironments within tissue, often comprising 
multiple cell types, that support stem cell 
activity. Extensive evidence demonstrates 
that blood vessels are an integral compo- 


nent of stem cell niches in tissues, includ- 
ing in bone marrow, muscle, and brain (3). 
However, the role of lymphatic vessels in 
regulating stem cell activity has, until now, 
remained unexplored. Gur-Cohen et al. 
used recent advances in imaging technol- 
ogy to reveal that superficial, initial lym- 
phatic vessels, which form a stereotypical 
pattern throughout skin, envelope hair fol- 
licles and share particularly close contact 
with HFSCs. Initial lymphatic vessels are 
specialized for fluid absorption. Their char- 
acteristics include prominent expression 
of lymphatic vessel endothelial hyaluronan 
acid receptor 1 (LYVE1) on lymphatic endo- 
thelial cells, which line the vessel (4), and 
relatively loose, button-like endothelial cell 
junctions that enable the entry of fluid and 
cellular traffic to this part of the lymphatic 
vasculature (5). Fluid, macromolecules, 
and immune cells taken up by the initial 
lymphatics are drained into precollecting 
and collecting lymphatic vessels, which 
exhibit a distinct identity and are special- 
ized to return lymph to the bloodstream. 
Collecting vessels have tighter, zipper-like 
endothelial cell junctions, contain valves, 
and are surrounded by vascular smooth 


The hair follicle stem cell niche 


During quiescence, hair follicle stem cells (HFSCs) produce factors, including angiopoietin-related protein 7 
(ANGPTL7), that maintain contact between HFSCs and initial lymphatic vessels and promote lymphatic 
vessel drainage. The shift of HFSCs to the production of ANGPTL4 results in dissociation of lymphatic vessels 
from the HFSC niche, reduced lymphatic drainage, and hair growth. 
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muscle cells, which together facilitate the 
transport function of these vessels (4, 5). 

The close proximity of HFSCs to ini- 
tial lymphatic vessels raised the possibil- 
ity that signaling between stem cells and 
lymphatic endothelial cells might regulate 
stem cell activity, lymphatic vessel func- 
tion, or both. Gur-Cohen e¢ al. found that 
disrupting lymphatic vessel integrity in 
mouse models promoted hair follicle pro- 
liferation and hair regeneration. These 
data suggested that signals from lymphatic 
endothelial cells normally render HFSCs 
quiescent (noncycling). 

To explore whether the association be- 
tween initial lymphatics and HFSCs was 
temporally regulated, lymphatic vessel pat- 
tern and function were assessed during the 
cycle of hair growth and quiescence. These 
analyses demonstrated that lymphatic 
vessel proximity to the bulge region of 
the follicle, where HFSCs reside, changed 
during cyclical phases of hair growth and 
quiescence: Initial lymphatic vessels were 
closely associated with HFSCs during the 
resting state and dissociated during the 
proliferation and growth phase. Lymphatic 
vessels also had reduced drainage capacity 
during the proliferative phase of the hair 
cycle. It will be intriguing in future studies 
to understand whether the reduced drain- 
age occurs as a result of a spatial change 
in tissue architecture or a functional 
change in lymphatic absorptive capacity. 

To investigate the identity of factors 
likely to be important for communication 
between the HFSC niche and lymphatic 
vessels, Gur-Cohen et al. profiled the 
gene expression of quiescent and prolif- 
erative HFSCs. Comparison of these data- 
sets revealed a number of factors, some of 
which had previously been implicated in 
vascular remodeling, which were promi- 
nent either during follicle quiescence—in 
particular, angiopoietin-related protein 7 
(ANGPTL7)—or during HFSC _ prolifera- 
tion—particularly, ANGPTL4. Prolonga- 
tion of ANGPTL7 expression through the 
growth phase of the hair cycle maintained 
the close association of lymphatic vessels 
with the HFSC compartment, resulting in 
maintenance of stem cell quiescence. Con- 
versely, induced expression of ANGPTL4 
during quiescence resulted in premature 
dissociation of lymphatic vessels from the 
niche and induction of stem cell prolifera- 
tion. The expression of the Angptl4 gene 
in mouse endothelial cells is important for 
maintaining separation of the blood and 
lymphatic vascular compartments in the 
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postnatal mouse intestine (6). This sug- 
gests that ANGPTL4 provides a repulsion 
signal to lymphatic endothelial cells that is 
important in multiple tissue contexts. 

Gur-Cohen et al. found that reducing 
ANGPTL7 expression induced hyperplastic 
follicles that entered the growth phase in 
an asynchronous manner across the skin. 
Moreover, lymphatic vessels were dilated 
and exhibited reduced drainage capacity in 
this scenario. Analysis of factors expressed 
by lymphatic endothelial cells in different 
phases of the hair cycle revealed that puta- 
tive receptors for ANGPTL4 and ANGPTL7 
are present on initial lymphatics. In addition, 
WNT signaling inhibitors that restrict HFSC 
activity and hair growth were produced by 
lymphatic vessels during HFSC quiescence. 

Together, these data suggest that fac- 
tors secreted by stem cells directly affect 
lymphatic vessel structure and/or func- 
tion and vice versa (see the figure). It 
will be interesting to determine whether 
ANGPTL4 and ANGPTL7 have the same 
impact on lymphatic vessels in other tis- 
sues and to identify the receptors that 
transduce ANGPTL signals in lymphatic 
endothelial cells. It will also be fascinating 
to understand the mechanisms by which 
these factors regulate lymphatic vessel 
absorptive capacity, particularly in the set- 
tings of inflammation and disease. This 
may result from active remodeling of cell 
junctions. The possibility also exists that 
mechanical signals, as a result of changes 
in interstitial volume due to lymphatic ves- 
sel remodeling, affect stem cell activity; 
this will also be important to explore. 

Additional recent studies have described 
the intimate association of dermal lym- 
phatic vessels with the HFSC niche (7, 
8). Different mouse models were used in 
these studies to investigate the impact of 
increased or decreased lymphatic vessel 
density on HFSC activity, but all concluded 
that signaling between these two cellular 
compartments is important for the coordi- 
nation of hair growth in the skin. Further 
studies exploring the link between lym- 
phatic vessels and stem cell activity during 
development and in disease could identify 
new axes that can be targeted to enhance 
tissue repair and regeneration. 
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MOLECULAR BIOLOGY 


Folding 
unpredicted 


Unexpected topology 
is the key to glutamate 
receptor gating in 
neurotransmission 


By Jochen Schwenk and Bernd Fakler 


ornichon homologs (CNIHs) are a 
family of highly conserved small 
membrane proteins (140 to 160 
amino acids in length) that serve as 
shuttle(s) for the export of proteins 
from the endoplasmic reticulum (ER) 
and/or as auxiliary subunits that control 
the building and gating of AMPA-type glu- 
tamate receptors (AMPARs) in the brain. 
According to predictions from databases 
and algorithms, CNIHs exhibit a three- 
transmembrane (TM) domain _ topology 
with the protein’s amino terminus facing 
the cytoplasm. On page 1259 of this issue, 
Nakagawa pre-sents the cryo-electron mi- 


“,predictions from databases 
and algorithms are good, 
but rigorous experimental 
data are better.” 


croscopy (cryo-EM) structure of a CNIH 
protein in complex with a glutamate recep- 
tor (J). The results prove database predic- 
tions wrong and provide a structural key to 
the diverse functions of the cornichon fam- 
ily of proteins. 

The founding member of this family, the 
classical cornichon (CNIH1 in mammals), 
was described ~20 years ago in the fruit 
fly Drosophila melanogaster (2). It serves 
as a cargo receptor required for efficient 
ER export of the growth factor gurken (3). 
Mechanistically, cornichon recognizes and 
binds its cargo and transfers it to the secre- 
tory pathway via recruitment into coat pro- 
tein complex II (COPII)-coated vesicles (3). 
This action was later detailed in yeast, where 
the cornichon homolog Ervl4 (ER-derived 
vesicles protein 14) is able to accept a broad 
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spectrum of cargo proteins andcargo Fynctions Sy bs _-| 
recognition is profoundly affected by . 

the length of the cargo’s TM domains of cornichon Cae 

rather than by a specific amino acid proteins Endoplasmic reticulum 


tional changes that drive channel 
gating after agonist binding (J/). 


Because CNIH2 and CNIH3 lack 
contacts with the LBDs, Nakagawa 


sequence motif (or motifs) (4). Cornichon homolog 2 CNIH2 CNIH1 suggests that structural rearrange- 

In this context, it came as a sur- (CNIH2) and CNIHS or CNIH3 orCNIH4 ments induced by CNIH3 in the 
prise that in mammals, two of the control endoplasmic “filter” region of the receptor chan- 
four cornichon homologs, CNIH2 reticulum (ER) export nel likely explain the pronounced 

teas: and gating of AMPA-type : : 

and CNIH3, are specialized toward glutamate receptors GluA Secreted effects on channel gating. The fil- 
AMPARs, the most abundant ex- (AMPARs, comprising subunit cargo ter ac a ssc ies that 
citatory neurotransmitter receptor GluA subunits). CNIHI and contro s Ca?* permeability and may 
in the brain, by recognizing the CNIH4 are nonspecific influence the open-state configura- 


pore-forming GluAl-4 subunits 
as exclusive “cargo” or interaction 
partners (5). However, the CNIH2- 
GluA and CNIH3-GluA interac- 
tions differ from the CNIH1-cargo 
interaction in two characteris- 
tic ways. One is that CNIH2 and 
CNIH3 can only bind to their cargo 
in the ER after GluAs have been as- 
sembled into tetramers, which, in 
neurons, requires an ER-based as- 
sembly machinery (6). Another is 
that CNIH2 and CNIH3 do not re- 
lease their cargo, but rather remain 
tightly associated and travel with 
the AMPARs to the plasma mem- 
brane, where they have been found 
in both synapses and extrasynaptic 
sites (7-9) (see the figure). 

Thus, in addition to their role as 
cargo exporters, CNIH2 and CNIH3 
are auxiliary subunits of AMPARs that have 
a profound impact on the gating properties 
of the receptor channels: Both CNIH2 and 
CNIH3 stabilize the AMPAR channels in 
the open or conducting state(s) by slowing 
the deactivation (channel closing after ag- 
onist removal) and desensitization (chan- 
nel closing with agonist bound) processes 
(5). In excitatory synapses, such prolonged 
opening enhances the influx of Na* (and 
Ca?*) into the postsynapse, which, through 
increased and longer-lasting depolariza- 
tion of the postsynaptic neuron, leads to 
more reliable propagation of the electrical 
signal. This was directly observed in hip- 
pocampal neurons (7). 

For all distinct cornichon functions, the 
characterization of CNIH3-GluA2 com- 
plexes by Nakagawa provides interesting 
insights. The most intriguing and unpre- 
dicted features of this cryo-EM structure 
are the topology and overall folding of 
CNIH3: The protein displays four TM do- 
mains with amino and carboxyl termini 
facing the ER lumen (which becomes the 
extracellular side of the plasma mem- 
brane). Most parts of the protein are bur- 
ied in the membrane; only the linker be- 
tween TM domains 3 and 4, and parts of 
TM domains 1 and 2, extend into the cy- 
toplasm. This unexpected topology may 
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cargo receptors. 


At the ER 
CNIH2 and CNIH3 
specifically bind to 


tion of the receptor channel (72). 
Whether these rearrangements are 
relevant for AMPAR gating remains 
unclear, but they are strongly remi- 
niscent of the “selectivity-filter gate” 
that opens (and closes) various 
types of K* channels in response to 
distinct ligands and pharmacologi- 
cal agents (73). 

The CNIH3-GluA2 complexes are 
rarely (if at all) observed in the ro- 
dent brain. Most CNIH-containing 
AMPARs (a total of ~80% of all 


AMPARSs through Transmembrane Coat protein complex Il 
interactions with AMPAR ‘~ 

the amino terminus regulatory 

and the peptide protein 

extensions of the 

cytoplasm-facing : 

region of these CNIHs. ae ) 

At the synapse 

CNIH2 and CNIH3 

are auxiliary 


subunits of AMPARs 
that stabilize the 


channels in the 


AMPARs) have both CNIH and 
TARP proteins co-assembled in a 
2:2 stoichiometry, as estimated by 
quantitative proteomics (/4) and 


open state and 
thereby enhance 
signal transduction. 


Presynaptic 
neuron 


be initiated by a 12-amino acid stretch 
at the amino terminus of CNIH1-3 that is 
highly conserved among mammals, flies, 
and worms and operates as a signal pep- 
tide that is not cleaved off [therefore called 
“uncleavable membrane inserting peptide” 
(UMIP) by the author]. The amino-termi- 
nal half of the UMIP contains three con- 
served phenylalanine residues that make 
close contact with the TM domains of the 
GluA subunits. 

Projection of the primary sequence(s) 
onto the CNIH3 structure highlights a 4.5- 
turn a-helical extension at the cytoplasmic 
side of TM2 as the major difference be- 
tween the GluA-specific CNIH2 and CNIH3 
and the cargo receptors CNIH1 and CNIH4. 
This extension, together with the helical 
domain of TM1 and the (structurally unre- 
solved) linker, represents the hallmark fea- 
ture that distinguishes the CNIHs from the 
other inner core constituents of AMPARs, 
the TARPs (transmembrane AMPAR regula- 
tory proteins), and GSGIL (germ cell-spe- 
cific gene 1-like protein) (J0, 17). TARPs and 
GSGIL also modulate channel gating and 
comprise four TM segments, but their “ex- 
tensions” are directed toward the extracel- 
lular side of the membrane where they can 
contact the ligand-binding domains (LBDs) 
of the GluA subunits during the conforma- 
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confirmed by the cryo-EM analysis 

of native AMPARs (75). Most of the 

successfully resolved structures of 

native AMPARs (15) have contained 
two TARP subunits and two subunits with 
four densities in the membrane plane; the 
CNIH3-GluA2 structure from Nakagawa 
suggests that these may be CNIH2 and/or 
CNIH3 proteins. 

The unexpected structure of CNIH3 and 
its distinction from the TARPs will provide 
a blueprint for coming analyses of its role in 
gating and trafficking of AMPARs, but also 
in studying the ER export processes medi- 
ated by the CNIH family. Finally, it should 
not be forgotten that predictions from data- 
bases and algorithms are good, but rigorous 
experimental data are better. 
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ECOLOGY 


Lasting signature of forest 


fragmentation 


Animal communities that endured historical environmental 
upheavals are less sensitive to modern ones 


By Anna Hargreaves 


universal truth of ecology is that 

field experiments never unanimously 

support theory. This is not (always) 

because ecological theory is poorly 

developed or experiments poorly ex- 

ecuted, but because ecology is a com- 
plex science dealing with variation at every 
biological level from individuals to biomes. 
When exceptions are the rule, explaining 
variation in responses among taxa and lo- 
cations becomes the goal, particularly for 
theory that informs conservation. On page 
1236 of this issue, Betts et al. (1) contribute 
to a particularly important debate: why the 
biological effects of forest fragmentation are 
so variable among species and places. They 
present evidence that historical deforestation 
(from glaciation, fires, hurricanes, or anthro- 
pogenic clearing) yielded communities that 
are more robust to modern forest fragmenta- 
tion (from logging, burning, or development). 


Department of Biology, McGill University, Montreal, 
Canada. Email: anna.hargreaves@mcegill.ca 


1196 6 DECEMBER 2019 + VOL 366 ISSUE 6470 


Humans are rapidly converting natural 
habitats (2), and the effects come in two fla- 
vors: loss and fragmentation. The negative 
impact of habitat loss is undeniable: Popula- 
tions decline; species go locally extinct. In- 
deed, after direct exploitation, habitat loss is 
the primary cause of past extinctions (3) and 
a serious threat to modern biodiversity (4). 
Fragmentation refers to the spatial arrange- 
ment of the remaining habitat after some is 
lost, in particular the frequency of habitat 
edges. The relative impact of fragmentation 
after accounting for habitat loss has been 
the subject of raging debate since the early 
2000s (5-8). Whereas landscape-level tests 
are still too rare to reach robust conclusions, 
case studies show that fragmentation per se 
can be devastating for some taxa in some 
places but surprisingly positive for others 
(9). This variation has not yet been convinc- 
ingly explained. 

Although the ecological effects of frag- 
mentation have been studied extensively 
(if not conclusively), the evolutionary im- 
plications have not. Short-term evolution 
after fragmentation has been documented, 
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Oil and gas exploration fragments 
boreal forest in Canada. 


albeit rarely, mostly involving changes in 
dispersal or mating systems (10). Such evo- 
lution could help populations survive in 
fragmented landscapes (for example, evo- 
lution of increased dispersal ability could 
reduce perceived fragmentation) but could 
also create evolutionary traps (for example, 
evolution of decreased dispersal might 
doom populations to stay in disappearing 
patches) (17). The jury is out on whether 
evolution will be rapid enough and in the 
right direction to help species cope with 
modern fragmentation. Even less is known 
about the long-term evolutionary effects of 
historical fragmentation. 

Betts et al. tackle these gaps through the 
lens of extinction filters. The extinction filter 
hypothesis proposes that historical exposure 
to a stressor filters a community to species 
that can cope with that particular stressor 
(12). This hypothesis has most famously been 
applied to ancient human hunting, propos- 
ing that areas with a longer history of human 
exploitation have faunas that are less vulner- 
able to modern exploitation (73). Extinction 
filters can operate evolutionarily if species 
adapt to tolerate the disturbance, or eco- 
logically if sensitive species are lost during 
disturbance. Betts et al. predict that animal 
communities in forests historically prone to 
edge-creating disturbances should be more 
resilient to modern fragmentation, either be- 
cause species have adapted to edge effects or 
because sensitive species have already been 
purged. Consistent with the extinction filter 
hypothesis, Betts et al. find fewer species that 
specialize on interior forest habitat and less 
edge avoidance in forests with a history of 
severe disturbance in the past 10,000 years. 

These results partly rest on correctly iden- 
tifying areas with historical edge-creating 
disturbances. The authors define such areas 
as those subject to regular hurricanes, forest 
fires, or glaciation (all binary variables), or 
recent human deforestation measured as the 
amount of intact forest predicted to exist by 
climate models that was missing in the year 
2000. The time scale of these disturbances 
is clearly highly variable, and their primary 
effect is undoubtedly forest loss. But because 
even glaciers have uneven edges and storms 
leave pockets untouched, it is reasonable to 
assume that these events created increased 
edge effects and some degree of fragmenta- 
tion as well. 

Taken together, these disturbances leave a 
band of low-disturbance forest concentrated 
around the equator. Accordingly, Betts et 
al. found that tropical forest communities 
are more sensitive to edge effects, and that 
the proportion of forest-core specialists in- 
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creases from high to low latitudes, contrary 
to results of a recent review that found no 
difference in sensitivity between tropical and 
temperate taxa (9). 

Support for the extinction filter hypoth- 
esis can be interpreted optimistically or 
pessimistically for conservation, depending 
on whether filtering is evolutionary or eco- 
logical. If historically disturbed communi- 
ties can successfully adapt to disturbance, 
we might hope that future evolution will 
rescue at least some of the habitat special- 
ists currently threatened by fragmentation. 
Betts et al. found that past human defores- 
tation—arguably the disturbance with the 
shortest evolutionary time scale—was a 
much weaker predictor of edge sensitivity 
than natural disturbances. Perhaps evolu- 
tion simply has not had time to mitigate the 
ill effects of human activity. 

However, the measure of historical hu- 
man deforestation used by Betts et al. only 
includes areas that were still deforested as 
of 2000. The true extent of human forest use 
in the past 10,000 years is controversial, par- 
ticularly in the Americas, where European 
contact in 1492 wiped out 90% of indigenous 
inhabitants (numbering in the millions) in as 
little as a generation (/4). Recent estimates 
suggest this “great dying” led to the reverting 
of cleared areas to forest (15). If species could 
evolve to cope with human forest fragmenta- 
tion on evolutionary time scales (extinction 
filtering via adaptation), we might expect 
modern deforestation to overpredict sensi- 
tivity in areas where forests regrew before 
2000. In fact, Latin American forests make 
up most of the low-disturbance communities 
in the analysis and seem disproportionately 
sensitive to fragmentation. If extinction fil- 
tering results instead from purging of sen- 
sitive species, Betts et al’s results suggest a 
grim future for tropical forest specialists that 
are rapidly running out of intact forest in 
which to seek refuge (2). 
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IMMUNOTHERAPY 


Ushering along B cells 


to neutralize HIV 


Progress in staged immunizations designed 
to elicit a vaccine response is reported 


By Amanda Agazio and Raul M. Torres 


Ithough vaccines are a great achieve- 

ment in medicine, HIV, with its ex- 

traordinary dynamic diversity, is 

not restrained by classic vaccine ap- 

proaches. In 2009, after the RV144 

vaccine trial results revealed sub- 
optimal HIV protection, effort refocused 
on developing vaccines able to elicit anti- 
bodies that can protect against a breadth 
of HIV genetic variants. Ten years on, 
such HIV broadly neutralizing antibod- 
ies (bnAbs) are known to display unusual 
features compared with typical antibodies. 
These features almost certainly impede 
eliciting bnAb generation with a vaccine. 
On pages 1215 and 1216 of this issue, Saun- 
ders et al. (1) and Steichen et al. (2), respec- 
tively, use custom-designed HIV envelope 
(Env) proteins as immunogens in animal 
models to promote unusual antibody fea- 
tures needed for neutralization and to 
recruit rare bnAb-precursor B cells into 
antibody responses. These studies demon- 
strate progress in eliciting antibodies with 
the potential to provide a breadth of HIV 
neutralizing activity. 

In the past decade, numerous techno- 
logical advances have greatly facilitated 
the identification and _ characterization 
of bnAbs from HIV-infected individuals. 
These include single cell-based approaches 
to identify HIV-specific B cells, molecularly 
clone their antibody receptors, and rapidly 
screen for specificity and neutralizing activ- 
ity. When coupled with bnAb-Env structural 
analyses, the development of stable Env pro- 
teins and computational design have led to 
custom-designed Env proteins that are able 
to recruit rare B cells into an antibody re- 
sponse and have fueled progress toward an 
HIV vaccine (3, 4). Many hundreds of bnAbs 
have now been isolated from HIV-infected 
individuals and characterized to reveal that 
bnAbs recognize one of a few conserved re- 
gions, or epitopes, on Env and neutralize by 
preventing HIV association with the CD4 
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T cell receptor (the target of infection) and 
blocking virion-cell fusion. 

Critically, bnAb recognition of these neu- 
tralizing epitopes requires one or more un- 
usual features not normally observed in 
antibodies elicited by other pathogens. For 
example, the immunoglobulin (Ig) heavy 
chain region that contacts Env [heavy 
chain complimentary-determining region 
3 (HCDR3)] is often much longer in bnAbs 
compared with other antibodies. In the 
course of a normal antibody response, Ig 
genes are mutated to increase antibody affin- 
ity for the targeted pathogen (affinity matu- 
ration), and bnAbs are also unusual in that 
they display a high frequency of mutations, 
including rare mutations that are difficult to 
generate but important for broad recogni- 
tion of HIV variants. Longitudinal studies of 
HIV-infected individuals have characterized 
the coevolution of HIV Env and antibody re- 
sponses to reconstruct the trajectory, or lin- 
eage, of a bnAb from the original unmutated 
antibody, highlighting the mutations that are 
important for neutralization (5). 

Together, these studies motivated an Env 
structure-based approach in which distinct 
engineered immunogens, through sequen- 
tial immunizations, drive the maturation of 
Eny-recognizing B cells to produce bnAbs. 
An initial immunogen would elicit (and 
numerically expand) naive B cells express- 
ing unmutated antibodies into an antibody 
response with the potential to further de- 
velop into a bnAb. Immunization with a 
second immunogen would select respond- 
ing B cells with specific antibody mutations 
that are important for recognition of the 
neutralizing epitope (see the figure). In this 
manner, serial immunizations would usher 
B cells with specific somatic mutations to 
ultimately generate a B cell population that 
secretes antibodies capable of providing a 
wide breadth of neutralizing activity against 
HIV (, 6, 7). Previous studies using mice 
with B cells engineered to express bnAbs (4, 
8) demonstrated feasibility and provided an 
impetus for pursuing this approach. 

A major issue addressed by Saunders et 
al. is that bnAbs often require mutations 
for neutralizing activity that are not typi- 
cally introduced into antibodies during the 
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antibody response and thus represent bot- 
tlenecks in generating bnAbs (9). Two previ- 
ously described bnAbs, DH270 and CH235 
(10, 11), the lineages of which were previ- 
ously characterized and shown to harbor 
improbable mutations that are important 
for HIV-1 neutralization (9), were studied by 
Saunders et al. On the basis of Env-DH270 
lineage bnAb structures, an Env immuno- 
gen was designed that bound the inferred 
unmutated common ancestor (UCA) anti- 
body with submicromolar affinity and, criti- 
cally, also bound an affinity-maturation in- 
termediate bnAb harboring rare mutations 
with greater than fourfold increased affin- 
ity. After six immunizations with a nanopar- 
ticle-Env immunogen, physiologically rele- 
vant neutralizing activity of modest breadth 
was achieved in mice harboring B cells en- 
gineered to express the DH270-UCA bnAb 
precursor antibody. This Env immunogen 
recruited DH270-UCA-expressing B cells 


eliciting HIV-1 neutralizing antibodies from 
a natural B cell repertoire. 

Steichen e¢ al. similarly achieve an im- 
portant goal in the development of an ef- 
fective HIV-1 vaccine investigating the 
BG18 bnAb lineage that leads to a potent 
bnAb recognizing the V3 glycan neutral- 
izing epitope on Env (12). However, this 
study focuses on the available B cell anti- 
body specificities in a healthy individual. 
Because each of the hundreds of millions 
of B cells in the body express a unique anti- 
body specificity, the frequency of precursor 
B cells that can recognize a bnAb-eliciting 
immunogen is important to determine 
when considering which precursor bnAb 
lineage to target (13). Although the BG18 
bnAb sequence is 30% mutated from the 
inferred UCA, this bnAb lacks nucleotide 
deletions or insertions that are consid- 
ered more difficult to elicit through affin- 
ity maturation. Informed by the BG18-Env 


Staged HIV-1 immunization 


Serial immunizations with distinct immunogens of the Env epitope of HIV-1 favor affinity maturation 
of antibodies toward broadly neutralizing activity in mice and macaques. 
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Env, envelope; IgH, immunoglobulin heavy chain; IgL, immunoglobulin ligh 


that incorporated rare mutations critical 
for neutralization, an important advance on 
the path to bnAb generation. 

In additional experiments, inferred 
CH235-UCA antibody genes were again used 
to produce mice that, when immunized with 
Env immunogen, generated HIV-1 neutral- 
izing antibodies also carrying CH235 rare 
mutations. Inducing physiologically rele- 
vant HIV-1 neutralization in mouse models 
is noteworthy, although tempered, in these 
studies because the mice were engineered to 
harbor supraphysiological (10 to 15%) initial 
precursor B cell populations that were ca- 
pable of responding. However, rhesus ma- 
caques immunized with the CH235-eliciting 
Env immunogen elicited HIV-1 neutralizing 
antibodies after at least two immunizations. 
Macaques presumably harbor a physiologi- 
cally relevant low frequency of immuno- 
gen-binding B cells, although this was not 
evaluated. Thus, the findings in nonhuman 
primates highlight an important hallmark in 
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chain; UCA, unmutated common ancestor. 


structure, Steichen et al. designed a precur- 
sor antibody that carried 11% of the muta- 
tions while retaining two-thirds the BG18 
neutralizing breadth. On the basis of this 
minimally mutated antibody sequence and 
antibody-Env structure, next-generation 
DNA sequencing data from 14 healthy indi- 
viduals were examined to identify Ig heavy 
chain-encoding sequences from each do- 
nor with similar BG18 HCDR3 length and 
Ig gene usage; 28 common BGI18-like pre- 
cursor antibodies were identified. 
Common precursor antibodies were pro- 
duced and used to iteratively select Env im- 
munogens with appreciable affinities to the 
common BGI18 precursor antibodies. These 
immunogens were then used to immunize 
mice engineered to harbor B cells express- 
ing the BG18-UCA Ig heavy chain that could 
pair with different mouse Ig light chains. To 
better reflect physiological precursor B cell 
frequencies, BG18-UCA* B cells were adop- 
tively transferred into wild-type hosts at a 
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ratio of seven BG18-UCA* B cells per million 
host B cells. These mice were immunized 
with nanoparticle-presented Env immuno- 
gen, and rare BG18-UCA* precursor B cells 
were shown to respond, including their dif- 
ferentiation into plasma cells secreting IgG 
antibodies with increased affinities for the 
immunogen. Steichen et al. further used 
these BG18-UCA immunogens to assess re- 
activity among human B cells from 16 dif- 
ferent donors and found that immunogen- 
reactive B cells were present at a frequency 
of ~0.001% within a healthy B cell antibody 
repertoire. These data thus document the 
feasibility of engineering HIV-1 immuno- 
gens that can recruit precursor bnAb B cells 
into an antibody response from a physiolog- 
ically relevant rare subset. 

Development of an HIV vaccine remains 
a daunting task. The studies of Saunders et 
al. and Steichen et al., together with a recent 
report from Escolano et al. demonstrating 
the ability of a distinct HIV-1 Env immuno- 
gen to recruit precursor bnAb-expressing B 
cells into an appropriate antibody response 
in wild-type mice, rabbits, and macaques 
(14), demonstrate meaningful progress. A 
number of issues remain important to con- 
sider in future studies, including identify- 
ing which of the bnAb lineages to replicate 
in a vaccine and the ability of any new im- 
munogen to also generate B cell memory 
and long-lived plasma cells, as well as better 
characterization of the breadth of neutral- 
izing activity elicited. Inherent to reaching 
these goals will be a more careful evalua- 
tion of the manner in which immunogens 
are presented in a vaccine as well as the 
timing and mode of vaccine administration 
(15). Finally, considering that many HIV 
bnAbs cross-react with self-antigens, it will 
also be important to evaluate whether vac- 
cine strategies targeting these lineages also 
promote autoimmunity. 
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BIOCATALYSIS 


Biocatalytic cascades go viral 


An investigational drug targeting the HIV virus 
is synthesized with nine enzymes 


By Elaine O’Reilly and James Ryan 


atural biosynthesis assembles a 

vast array of complex natural prod- 

ucts starting from a limited set of 
building blocks, under physiologi- 

cal conditions, and in the presence 

of numerous other biomolecules. 
Organisms rely on the extraordinary se- 
lectivity of enzymes and their ability to 
operate under similar reaction conditions, 
meaning that these catalysts are perfectly 
adapted to mediate cascade reactions. In 
these multistep processes, the product of 
one biocatalytic step becomes the sub- 
strate for the next transformation (J-3). 
On page 1255 of this issue, Huffman et al. 
(4) report the development of an impres- 
sive nine-enzyme biocatalytic cascade for 
the synthesis of the investigational drug 
islatravir for the treatment of human HIV. 
This study represents a partnership be- 
tween scientists from Merck and Codexis. 
These two companies have a history of 
successfully collaborating to develop bio- 
catalysts for the synthesis of important 
pharmaceuticals. Almost a decade ago, 
they developed a chemoenzymatic route 
for the synthesis of the type 2 diabetes 
drug sitagliptin (Januvia), relying on a key 
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enzyme-catalyzed transamination with 
a highly engineered (R)-selective trans- 
aminase (5). The work was considered a 
landmark example of directed evolution 
and functioned to highlight the potential 
application of biocatalysis to revolutionize 
industrial chemical processes. 

The cascade for synthesizing islatravir 
was inspired by the bacterial nucleoside 
salvage pathway, which recycles precious 
nucleosides by using three key enzymes: 
a purine nucleoside phosphorylase (PNP), 
a phosphopentomutase (PPM), and a de- 
oxyribose-5-phosphate aldolase (DERA) 
(see the figure). However, to achieve the 
synthesis of the target molecule, Huffman 
et al. required the natural nucleoside deg- 
radative cascade to run in reverse. The 
reversible nature of enzymes is central to 
the design of this cascade and is one of 
the important features that sets biocata- 
lysts apart from the majority of traditional 
chemical catalysts. 

The success of the cascade developed by 
the team also relied on all three enzymes 
accepting non-natural substrates bear- 
ing a fully substituted carbon at the C-4 
position of the 2-deoxyribose ring. The 
authors reconstructed the reverse nucleo- 
side salvage pathway from a PNP and PPM 
found in Escherichia coli and a DERA from 
Shewanella halifaxensis. The native E. coli 
enzymes required engineering to improve 


their activity. The DERA displayed existing 
high activity and stereoselectivity for the 
formation of the desired sugar phosphate 
enantiomer, but it required engineering to 
improve its ability to operate at high sub- 
strate concentration. 

One of the many advantages of per- 
forming biocatalytic cascade reactions is 
the effective displacement of unfavorable 
reaction equilibria that can be achieved 
through product removal. However, de- 
spite performing the PNP and PPM steps 
in tandem, the reaction proceeded with 
poor conversion, and the inorganic phos- 
phate by-product inhibits the enzymes. An 
elegant solution to these issues was the in- 
clusion of an auxiliary sucrose phosphory- 
lase, along with its sugar substrate, which 
removed free phosphate and effectively 
displaced the reaction equilibrium toward 
product formation. 

Having assembled enzymes for the 
three key steps in the cascade, Huffman et 
al. sought to develop a biocatalytic route 
for the synthesis of the DERA substrate 
2-ethynylglyceraldehyde 3-phosphate. 
Extensive screening of a broad range of 
kinases resulted in the identification of 
pantothenate kinase (PanK) from E. coli, 
which displayed low levels of activity (~1% 
conversion) toward the (A)-enantiomer of 
the target aldehyde. Despite the modest 
initial activity, directed evolution was suc- 
cessfully used to substantially improve the 
productivity and stability of this enzyme. 
Finally, after 12 rounds of evolution, the 
authors reversed the enantioselectivity 
and improved the activity, stability, and ex- 
pression of a galactose oxidase variant for 
the desymmetrization of the starting sub- 
strate, 2-ethynylglycerol. 

Advancements in protein engineering, 


Engineering a biocatalytic cascade 


The synthetic pathway for the production of the investigational drug islatravir (MK-8591) was inspired by the natural bacterial nucleoside salvage pathway. The cascade 
created by Huffman et al. uses a total of nine enzymes, five of which were evolved to optimize their properties and four additional auxiliary enzymes. 
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rapid gene sequencing, and the availabil- 
ity of low-cost DNA synthesis have made it 
possible to alter the properties of enzymes 
and fine-tune them for biocatalytic appli- 
cations (6-8). The work by Huffman et al. 
is a milestone in cascade design, largely 
because of the number of biocatalysts op- 
erating in tandem and the engineering 
feat required to optimize five of the nine 
enzymes involved in the synthesis. It also 
highlights how biosynthetic or degradative 
pathways can be a source of inspiration for 
the design of efficient biocatalytic cascades 
and how sequences can be reconstituted 
using enzymes recruited from multiple 
sources—in this case, of bacterial, fungal, 
plant, and mammalian origin. The diverse 
role that biocatalysts can play is also exem- 
plified in this work, where five engineered 
enzymes are directly involved in the syn- 
thesis of the target molecule, and four ad- 
ditional enzymes function to recycle coen- 
zyme, remove inhibitory by-products, and 
maintain the correct oxidation state of the 
copper cofactor. 

Previous approaches reported for the 
synthesis of islatravir relied on multistep 
syntheses and require protecting group 
manipulations and intermediate purifica- 
tion steps (9, 10). The incorporation of a 
key biocatalytic step or steps has the po- 
tential to revolutionize synthetic design 
strategies by making possible transforma- 
tions that are not accessible using solely 
chemical approaches (11, 12). The applica- 
tion of enzymes in industry and the de- 
velopment of chemoenzymatic routes to 
complex molecules is now well established. 
However, multistep syntheses exclusively 
comprising biocatalytic transformations 
are rare (13), and this contribution sets a 
new standard for the synthesis of complex 
molecules with enzymatic cascades. 
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Lava erupts from a 

rift zone fissure during the 
2014-2015 Bardarbunga 
caldera collapse in Iceland. 


Calderas collapse as 
magma flows into rifts 


Recent caldera collapses show the 
importance of distant volcanic rift zones 


By Freysteinn Sigmundsson 


ajor magma drainage from volca- 

noes causes the collapse of volcanic 

edifices, forming calderas that can 

be both many kilometers wide and 
hundreds of meters deep. Many 
calderas form during major explo- 

sive eruptions, when magma erupts from 
fractures on ring faults that bound calderas. 
However, the most recent caldera-forming 
events at Kilauea Volcano, Hawai‘i, in 2018 
(1) and at Bardarbunga, Iceland, in 2014- 
2015 (2) formed by a different mechanism. 
Both events were gradual caldera collapses 
that occurred as magma flowed over long 
distances into rifts far away from volcano 
summits. The caldera ring faults associated 
with collapse only began to move after a 
major magma withdrawal into a rift zone. 
The detailed monitoring of the recent 
Kilauea collapse reveals the behavior of the 
magma plumbing system involved and the 
dynamic processes related to coupling a cal- 
dera collapse with a rift eruption. Anderson 
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et al. used modeling of geodetic changes to 
give an account of the pressure drop in a 
magma body before and during a collapse (3). 
Geochemical analysis of the eruptive prod- 
ucts by Gansecki et al. reveal how pockets of 
magma of different types were captured by 
an advancing dike and erupted at the begin- 
ning of activity (4). Patrick et al. demonstrate 
how some of the short-term fluctuations in 
eruption activity, witnessed as magma surges, 
were a response to pressure variations under 
the collapsing caldera (5). When compared to 
observations from Bardarbunga (2, 6-10) and 
other collapses, a pattern emerges that may 
be a typical and common way for calderas to 
form at basaltic volcanoes. 

The beginning of the process is a large- 
scale lateral subsurface injection of magma 
into a volcano rift zone, which is a preferred 
path of dikes that forms in response to im- 
posed stresses. Rift zones are common on 
volcanoes and result from the tectonic set- 
ting, topography, slope instability, and/or, for 
ocean island volcanoes, seaward sliding of a 
volcano flank. In Iceland, the divergence of 
tectonic plates causes the formation of rift 
zones. At Kilauea Volcano, the cause is the 
gradual seaward sliding of the south flank of 
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the volcano. If the conditions are right when 
the magma body under a caldera fails, an 
unusually large amount of magma may flow 
into rifts (see the figure). One example of this 
is when tectonic stretching over a long time 
has built up sufficient stress. At Kilauea, ini- 
tial magma injection into the rift may have 
caused stress to increase, triggering a large 
earthquake, on 4 May 2018, ona 
subhorizontal basal fault under 
Kilauea’s south flank (7) that in 
turn caused additional stretch- 
ing across the rift zone. 

The amount of magma trans- 
ported into a rift zone can in- 
duce slip on caldera ring faults 
if it is large enough. Anderson 
et al. reveal, in detail, the de- 
formation of Kilauea before 
the onset of slip on the caldera 
faults and conclude that calde- 
ras may begin to collapse after 
removal of only a small fraction 
of stored magma. 

Forming new, active parts of 
the volcano plumbing system 
occurs by way of a laterally ad- 
vancing dike in a rift zone. The 
dikes may hit crystal-rich layers 
called magma mush or pockets 
of magma residing either under 
the central part of the volcano 
or in the rift zone. These pock- 
ets of magma become part of 
the plumbing system as magma 
continues to advance. For 
Kilauea, Gansecki et al. inferred 
that the rift zone had at least 
two separately stored magmas 
that the advancing dike inter- 
sected, which erupted first dur- 
ing the event. At Bardarbunga, 
one magma type erupted, but 
crystals from crystal mush were 
incorporated into the magma 
(11, 12). Both observations sug- 
gest an important role for these 
magma pockets in the chemistry 
of the dike magma and the tim- 
ing for when different magma 
compositions are erupted. 

After the plumbing system is 
stabilized as the rift eruption 
and central caldera collapse is 
ongoing, pressure governs the 
system evolution to a large ex- 
tent. The central block within 
a caldera drives out a large vol- 
ume of magma as it subsides. 
At Bardarbunga, the mass flow 
rate and caldera collapse were 
found to decline almost expo- 
nentially throughout the erup- 
tion (2, 13). Modeling indicated 
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Recharge 


Ring fault failure 


Regulated collapse and rift eruption 


that the effective cross-sectional area of the 
flow path during the eruption (2) was only 
a small fraction of the cross-sectional area 
of the previously established dike (6). At 
Kilauea, magma surges at the eruption site 
were linked to steps in the down-sagging of 
the caldera. At Bardarbunga, such steps also 
occurred and influenced earthquake activity 


Caldera collapse coupled to rift zone eruption 
Progressive steps in caldera formation in relation to lateral transfer of magma into 
rifts (generalized cross-section along a volcano rift). Recharge into the magma 
domain (15)—a complex of liquid magma bodies and crystal mush—occurs before 
an eruption. Rifting is followed by ring-fault failure and finally caldera collapse at 
the center of the volcano, regulated by a major eruption in the rift. 
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Rift zone (faults 
and fissures) 


Magma flow in a laterally 


in the dike. These effects are similar to the 
water-hammer effects in fluid-filled pipes, 
resulting from sudden changes in pressure 
and hydraulic transients that travel in pipes 
(14). The observations show that variable 
pressure under a collapsing central block 
translates directly into eruption activity. 
The recent observations of collapses have 
serious implications for haz- 
ards and volcano monitoring. 
Eruptions in rifts require moni- 
toring of conditions at calderas 
far away from eruption activity 
that may provide crucial infor- 
mation on eruptions. This is- 
sue is more relevant at basaltic 
calderas than at other volcanoes 
because basalt is less viscous 
and flows more easily over long 
distances than other magma 
types. Although the next caldera 
formation may not have a large 
flank eruption, the recent de- 
tailed monitoring demonstrates 
that magma under collapsing 
calderas is under pressure, and 
copious amounts of magma can 
be driven toward far-away ef- 
fusive eruptions. This sort of 
long-distance volcanic plumb- 
ing system appears to be a far 
more common occurrence than 
previously believed. 
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BIOMEDICAL TECHNOLOGY REGULATION 


Algorithms on regulatory 
lockdown in medicine 


Prioritize risk monitoring to address the “update problem” 


By Boris Babic', Sara Gerke?, 
Theodoros Evgeniou!, |. Glenn Cohen? 


s use of artificial intelligence and ma- 

chine learning (AI/ML) in medicine 

continues to grow, regulators face a 

fundamental problem: After evaluat- 

ing a medical AI/ML technology and 

deeming it safe and effective, should 
the regulator limit its authorization to mar- 
ket only the version of the algorithm that 
was submitted, or permit marketing of an 
algorithm that can learn and adapt to new 
conditions? For drugs and ordinary medi- 
cal devices, this problem typically does not 
arise. But it is this capability to continuously 
evolve that underlies much of the potential 
benefit of AI/ML. We address this “update 
problem” and the treatment of “locked” ver- 
sus “adaptive” algorithms by building on two 
proposals suggested earlier this year by one 
prominent regulatory body, the U.S. Food 
and Drug Administration (FDA) (/, 2), which 
may play an influential role in how other 
countries shape their associated regulatory 
architecture. The emphasis of regulators 
needs to be on whether AI/ML is overall reli- 
able as applied to new data and on treating 
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similar patients similarly. We describe sev- 
eral features that are specific to and ubiqui- 
tous in AI/ML systems and are closely tied to 
their reliability. To manage the risks associ- 
ated with these features, regulators should 
focus particularly on continuous monitoring 
and risk assessment, and less on articulating 
ex-ante plans for future algorithm changes. 


THE REGULATORY DESIGN PROBLEM 

One of the key advantages of AI/ML is that 
it can enable a “learning healthcare system,” 
wherein the boundaries between research 
and practice are regarded as porous (3). 
Once the AI/ML is deployed, it can learn and 
thereby alter its performance and behavior, 
much the way a medical resident learns on 
the job. But this poses a difficult regulatory 
design challenge. Consider two polar ap- 
proaches to the update problem: 

One pole would be for a regulator to per- 
mit marketing of only a locked algorithm 
and require any change to the algorithm to 
undergo a completely new premarket re- 
view. Such an approach has several draw- 
backs. Suppose an algorithm for analyzing 
results of mammograms and making rec- 
ommendations on breast cancer risk re- 
ceives marketing authorization (4). Suppose 
the training data were underinclusive of 
African-American women who tend to have 
differences in breast density from Caucasian 
women. The algorithm would thus produce 
recommendations ill-suited for that popula- 
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tion. As the AI/ML system is used in clinical 
settings that include more African-American 
women, it becomes possible to more ac- 
curately estimate the parameters used to 
predict breast cancer in this subpopulation 
when making recommendations. 

Although improvements in pre-specified 
testing of subgroups might provide some 
benefit in avoiding this problem, in some 
situations, relevant subpopulations may not 
be known ex-ante. For example, in conduct- 
ing HIV vaccine studies, researchers did not 
(and perhaps could not) know ex-ante that in 
a particular trial, the vaccine might increase 
rather than reduce HIV infection risk for 
“uncircumcised men who both had sex with 
men (MSM) and had high titers of preexist- 
ing antibodies against Ad5” (5). Prespecified 
testing is unlikely to capture these kinds of 
issues. Going forward, AI/ML may be able to 
identify such subpopulations and even de- 
velop customized models for different ones 
(some of which are only possible to identify 
after using AI/ML on lots of patients). Such 
customization would be health-promoting, 
but if another premarket review is needed, 
the update may never occur—the maker may 
not have a financial incentive to pursue the 
cost of another review and might also worry 
about the message it might send about the 
quality of its existing algorithm. 

The opposite pole would be to treat the 
initial marketing authorization as permit- 
ting the AI/ML maker to update the algo- 
rithm without any further regulatory review. 
Such updates can be either of the algorithm 
itself (“algorithm updates”)—for example, 
replacing a linear ML model with a polyno- 
mial one—or of the algorithm’s parameters 
(“parametric updates”), which may be con- 
tinuously tuned as the system is applied to 
new data in practice. This approach is like- 
wise perilous. Parametric updates are at the 
core of modern AI/ML systems—they take 
place almost continuously, without human 
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input, and their effects can be hard to iden- 
tify ex-ante. But the quality of parametric 
updates depends largely on the quality of the 
associated underlying data. An adaptive sys- 
tem with continuously changing parameters 
is susceptible to data quality issues that can 
arise from, for example, errors of the AI/ML 
users or intentional adversarial attacks (6). 
The latter can take many forms. Consider a 
hypothetical example (6): In response to the 
opioid crisis, many insurers now use patient- 
or provider-level overdose risk-prediction al- 
gorithms to deny oxycontin prescriptions. A 
physician, certain that a patient is in need of 
a prescription, may learn that the patient can 
avoid the algorithmic gatekeeper and secure 
a prescription by typing in a combination of 
codes that will guarantee a low risk for over- 
dose score. Such a system incentivizes the 
elicitation of low-quality physician data. An 
unchecked dynamic algorithm would inap- 
propriately adapt to this over time—consid- 
ering all outcomes of prescriptions—and be- 
gin to falsely categorize low-risk patients as 
high risk. In this kind of situation, continu- 
ous oversight can provide a necessary check 
on adaptive AI/ML systems. 

In an attempt to steer between these two 
poles, the FDA released a discussion paper in 
April 2019 (7). Until now, the FDA has exclu- 
sively approved or cleared medical AI/ML- 
based software as a medical device—what 
the FDA calls “SaMD,’ which is software that 
is on its own a medical device and is not 
part of a hardware medical device (7)—with 
“locked” algorithms (1). A locked algorithm 
is defined by the FDA as “an algorithm that 
provides the same result each time the same 
input is applied to it and does not change 
with use” (7). Any AI/ML system can satisfy 
this definition provided it is fixed in advance. 

However, most AI/ML algorithms are 
“adaptive,” arguably their key strength. Even 
parameters in a simple model like a logistic 
regression will gradually evolve as the model 
is refit in response to new data. For adap- 
tive AI/ML-based SaMD, the FDA proposed 
a “total product lifecycle (TPLC) regulatory 
approach” that permits continuous improve- 
ment of such devices while maintaining 
their safety and effectiveness (7). The FDA’s 
TPLC approach is a feature of the Software 
Precertification (Pre-Cert) Program that it is 
piloting on a small number of companies to 
determine its feasibility (2). One major idea 
in the FDAs April 2019 discussion paper is 
that AI/ML-based SaMD could be updated 
to acertain extent after marketing authoriza- 
tion; when seeking initial premarket review 
of an AI/ML-based SaMD, manufacturers 
would be given the option to submit a “prede- 
termined change control plan,” which would 
contain a description of anticipated modifi- 
cations and an “Algorithm Change Protocol,” 
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including the associated methodology being 
used to implement such changes (J). 


UNDERSTANDING RISKS 

Before considering adaptive algorithms, it is 
important to recognize that a “locked” algo- 
rithm, as defined, for example, by the FDA, 
could be more harmful than an “adaptive” 
one—and vice versa. 

To begin with, the concept of “locked” 
is ambiguous. We focus on two definitions 
that we call “system lock” and “true func- 
tion lock.” Do we want the AI/ML system to 
continually use the locked estimate of the 
function, relating inputs and outputs, that 
was first approved? This is how the FDA 
has defined what it means to be “locked,” a 
concept that we call “system lock.’ Merely 
achieving “system lock” will not guarantee 
that the system is safe for patients. An alter- 
native, and perhaps a preferable one, is that 
the algorithm locks, as closely as possible, to 
the true function that relates the inputs and 
output—which is unknown ex-ante in prac- 
tice and which emerges over time. We call 
this “true function lock.” 

For adaptive algorithms, it is especially im- 
portant for regulators to assess whether the 
AI/ML system is overall reliable as applied 
to new data—i.e., whether it approaches 
“true function lock.” Several AI/ML features 
are identified below that, when not properly 
considered, can lead the AI/ML system to 
use a poor estimate of the true relationship 
between the inputs and outputs and thereby 
possibly cause harm to patients (for exam- 
ple, through misdiagnosis). Regulators need 
to focus their attention on such issues in or- 
der to manage the risk that AI/ML systems 
learn and use a wrong input-output relation. 


Concept drift 

Concept drift describes a situation where 
the true relation between inputs and out- 
puts changes (over time). This may hap- 
pen because of a changing environment 
or because the model was misspecified 
(for example, the estimated function is 
linear when the actual relationship is qua- 
dratic, or there are omitted variables, etc.). 
Consider, for example, an AI/ML system 
trained to identify skin lesions as benign 
or malignant (8). The model presupposes 
an underlying distribution of these labels 
(benign versus malignant). However, the 
datasets that these AI/ML systems rely on 
typically do not track race or skin color, or 
may miss or not report certain skin types. 
Yet the malignancy of skin lesions (the 
true relation between input and output/ 
diagnosis) may vary across race and skin 
type. As a result, the same image can lead 
to two different probabilistic diagnoses, 
depending on the underlying skin/race, 
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an omitted feature. This sort of problem is 
ubiquitous in medical AI/ML. 

A regulatory regime requiring a “system 
lock” is not immune to this problem. Indeed, 
a “system locked” algorithm can make mat- 
ters worse by prohibiting the system from 
learning. Moreover, a regime focused on 
predetermined change control plans is like- 
wise vulnerable to risks arising from concept 
drift. Any predetermined change control 
plan risks being either uninformative or im- 
practical—depending on the level of detail 
at which a maker would be expected to de- 
scribe future modifications. At one extreme, 
a maker might be required to describe pro- 
posed changes in very general terms. This 
would be uninformative. On the other ex- 
treme, they might be required to describe 
precisely the sorts of changes they anticipate. 
Such a task is not feasible without having 
seen all possible future data from all types 
of patients and conditions—especially for 
AI/ML algorithms that may have thousands 
or millions of parameters. Even if (in theory, 
or possibly with future technologies) this 
kind of task could be accomplished, it would 
be extremely difficult and time-consuming— 
and thus, impractical. Moreover, such a plan 
could be especially harmful when unantici- 
pated problems are reported—in which case, 
the proposed framework could require an- 
other round of review. 


Covariate shift 

When the input distribution of new data is 
different from the data that the algorithm 
was trained or tested for approval on, the 
result is covariate shift (9). This can occur 
in the absence of concept drift, although 
the two are not mutually exclusive. For ex- 
ample, training data may have come from 
geographically centralized clinical sites, but 
the device is to be deployed beyond those 
regions and populations. When this occurs, 
“system locking” the algorithm hampers the 
maker’s ability to address the problem. Fur- 
ther, describing how the distribution of pa- 
tients may change is not something a maker 
may be able to do ex-ante because they usu- 
ally do not know the distribution of the data 
that the algorithm will be applied to. 


Instability 

One major concern is treating similar pa- 
tients similarly. That is, medically insignifi- 
cant differences among patients should not 
lead to substantive differences in diagnosis 
or treatment. Suppose that when an AI/ML 
system is given a set of inputs, it produces 
one probabilistic output. For example, the 
probability that a particular skin lesion is 
malignant is 87%. Now suppose that very 
small changes are made to the set of inputs 
provided to the underlying algorithm. For ex- 
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ample, the values associated with a few pixels 
may be changed in a way that is medically 
insignificant. The AI/ML system must now 
make a prediction from a feature vector that 
is vanishingly different from the initial vec- 
tor. A stable algorithm should give predic- 
tions that are similarly “close” in the output 
space (in probability) when it is given a slight 
variation relative to another input [Dwork et 
al. (10) describe this property and use it as 
the basis for a definition of fairness in ML]. 

When this condition is not satisfied, the 
algorithm is not stable in the sense that med- 
ically similar patients can receive dissimilar 
diagnoses. From the perspective of patient 
safety, it is undesirable to have a diagnostic 
system that frequently classifies medically 
similar lesions very differently. Paying atten- 
tion to this encourages thinking not in terms 
of same inputs/same outputs, but in terms of 
similar inputs/similar outputs. 

In modern AI/ML, leading classification 
systems are highly nonlinear. This makes 
them especially vulnerable to such instabil- 
ity [for example, (77)]. This problem extends 
beyond adversarial attacks (6). “System lock- 
ing” of an algorithm, though it can guarantee 
that the same inputs will lead to the same 
outputs, does not secure against the bigger 
concern—instability. Meanwhile, any prede- 
termined change control plan does not get to 
the core of the problem either, because it is 
impossible to know in advance what kind of 
instabilities the world actually has. 


A CONTINUOUS RISK-MONITORING 
APPROACH 

As regulators push forward, their emphasis 
should be on developing a process to con- 
tinuously monitor, identify, and manage as- 
sociated risks due to AI/ML features such as 
concept drift, covariate shift, and instability. 
Such a process can include, for example, the 
following elements, some of which might 
even be automated with improvements in 
AI/ML technology: 


Retesting 

An AI/ML system may need to be regularly 
retested (possibly continuously retested, with 
dedicated infrastructure) on all past cases, or 
a random subset of them, including but not 
limited to the ones used for the initial mar- 
keting authorization. Major discrepancies on 
past verdicts may lead to regulatory action. 


Simulated checks 

An AI/ML system can be continuously ap- 
plied to “simulated patients’—generated, 
for example, by perturbing the data of past 
patients, an idea often used to examine the 
robustness of AI/ML models—to evaluate 
whether its behavior is reliable with respect 
to a sufficient diversity of patient types. 
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Adversarial stress tests 

Every AI/ML system may need to be paired 
with a monitoring mechanism to ensure ro- 
bustness to adversarial examples (72). Regu- 
lators could use the adversarial approach to 
conduct algorithmic stress tests throughout 
the AI/ML system’s lifecycle, borrowing 
practices such as red teaming and adversar- 
ial attack testing from cybersecurity. 


An appropriate division of labor 

Monitoring of AI/ML systems should, in 
general, be done by actors different from the 
ones developing these systems. Separation of 
development and testing is common in other 
contexts. For example, in software develop- 
ment, quality assurance and development 
teams are separate, while risk management 
and compliance departments are separated 
from traders in the financial sector. Such divi- 
sions may be likewise required for companies 
developing medical AI/ML systems. More- 
over, third-party organizations that monitor 
AI/ML systems based on standards the in- 
dustry develops, similar in spirit to those of 
professional organizations like the Institute 
of Electrical and Electronics Engineers and 
the International Organization for Standard- 
ization, may also play a role in the future. 


Use of innovative electronic systems 
Regulators could also use new electronic 
systems and data analysis techniques, such 
as change-point detection (a family of sta- 
tistical techniques that attempt to identify 
changes in the distribution of a stochastic 
process) or anomaly detection (a family of 
techniques used to identify rare items in a 
data set), to continuously monitor AI/ML 
systems. Existing elements of regulators’ 
product oversight could be adapted for mon- 
itoring AI/ML. For example, systems such as 
the FDA’s national medical product monitor- 
ing system Sentinel (13, 14) could be used 
to continuously monitor the behavior of ap- 
proved AI/ML-based medical devices. Com- 
bining information from electronic health 
records and other data from such devices, 
regulators could themselves perform some 
of the tasks described. Indeed, in September 
2019, the FDA announced an intention to ex- 
pand Sentinel to three separate coordinating 
centers monitoring more traditional medical 
product safety (73). Its new “Operations Cen- 
ter” seeks to use partnerships in epidemiol- 
ogy, statistics, and data science among other 
fields (13). Its new “Innovation Center” will 
explore new roads “to extract and structure 
information from electronic health records” 
(73). Both of these new centers could be used 
to implement aspects of the AI/ML monitor- 
ing proposed here.. 

Our suggestions refine the FDA’s aim 
of implementing “real-world performance 
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monitoring” (1, 2) by articulating some key 
features that risk-monitoring should focus 
on (i.e., concept drift, covariate shift, and 
instability) and suggesting some ways to 
implement it. In principle, our goal is to 
emphasize the risks that can arise from un- 
anticipated changes in how medical AI/ML 
systems react or adapt to their environ- 
ments. Subtle, often unrecognized paramet- 
ric updates or new types of data can cause 
large and costly mistakes. Hence, they need 
to be continuously monitored and tested. 
Although this discussion has been moti- 
vated by the FDA’s current approach to 
AI/ML-based SaMD and the U.S. experi- 
ence, with appropriate adaptations, the les- 
sons here apply to other countries and their 
regulators as well. 
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LETTERS 


Edited by Jennifer Sills 


Wind energy: 
A human challenge 


In their Review “Grand challenges in 
the science of wind energy” (25 October, 
p. eaau2027), P. Veers et al. outline an 
“integrative” vision centered on three legs 
they contend are “critical to realizing the 
full potential of wind energy”: improving 
understanding of the physics of flow in 
and around wind power projects, engineer- 
ing of large machines, and integration of 
wind into the electricity grid. However, 
large-scale wind power implementation 
is unlikely to succeed without the social 
sciences. Although wind power deployment 
on a massive scale is a technical question, 
it is even more so a public issue. 
Persuading people to adopt new tech- 
nology requires an understanding of the 
relationships people have with places and 
landscapes and an appreciation of how they 
perceive risk (7-3). Conflict resolution strate- 
gies will have to be put in place to moderate 
the competing uses of land and sea, such as 
offshore wind power and commercial fishers 
(4). Institutions and developers will have to 
build trust (5). Public participation must be 
encouraged to ensure that those affected are 
given a voice and some influence over the 
outcome (such as the number of turbines 
or the project layout) (5). The transition to 
renewable energy ought to be implemented 
in a way that considers those communities 
long reliant on fossil fuel development (6). 
The inequitable burden placed on those 
living near transmission lines must be 
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addressed so that needed transmission can 
actually be built (7). Without a thorough 
understanding of the human context (8-10), 
society may fall well short of “realizing the 
full potential of wind energy.” 
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Wind energy: 
An ecological challenge 


In their Review “Grand challenges in the 
science of wind energy” (25 October, p. 
eaau2027), P. Veers et al. identify three grand 
challenges in the science of wind energy 
based in atmospheric physics, material sci- 
ence, and electrical engineering. However, 
other crucially important challenges include 
understanding the effects of wind energy 
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Wide-scale adoption of 
wind energy'poses sociahand 
conservation:challenges. 


production on ecological systems and 
developing and deploying tools to mitigate 
negative environmental effects. 

Wind energy production affects spe- 
cies and ecological systems in three 
ways. Collisions with wind turbines kill 
volant organisms, such as birds and 
bats, sometimes causing population-level 
consequences (J, 2). Wind facilities and 
associated infrastructure transform the 
landscape, contributing to habitat loss, 
degradation, and fragmentation (3, 4) and 
altering species behavior (5, 6). Finally, 
wind turbines alter microscale and pos- 
sibly macroscale weather (7-9). 

Globally, environmental issues cost wind 
developers and operators millions of dollars 
and halt construction of facilities [e.g., (10, 
1D). Wildlife fatalities and habitat loss are 
the foundation of legal prosecutions [e.g., 
(10, 11]. The build-out goals outlined by 
Veers et al. require an increase in the num- 
ber of turbines and expansion into new sites, 
potentially exacerbating these problems. 
Moreover, the engineering-related develop- 
ments required to meet Veers et al’s grand 
challenges will result in taller, larger wind 
turbines, with longer, faster-moving blades 
that produce more energy but may also 
increase adverse effects on the environment. 

Engineers, atmospheric scientists, and 
industry representatives are working col- 
laboratively with conservation scientists 
to develop research, applied science, best 
practices, and management actions aimed at 
reducing the environmental impacts of wind 
energy. Efforts include modeling wildlife 
movements, fatalities, and risk to individuals 
and populations; developing technologies 
to deter bats and birds from wind turbines; 
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and deploying automated shutdown tech- 
nologies that stop turbines in the presence 
of target species (12). Fortunately, many 

of the integrated and cross-disciplinary 
research efforts in atmospheric, physical, 
computational, and data science that Veers 
et al. identify contribute to the collaborative 
science required to address the environmen- 
tal challenges as well. 
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Protecting Patagonian 
peatlands in Chile 


In their Letter “Seeing Chile’s forest for 
the tree plantations” (27 September, p. 
1388), A. P. Duran and O. Barbosa explain 
how Chile’s current proposal for reducing 
greenhouse gas emissions (7) inadequately 
addresses forest management with exotic 
tree plantations. We agree, but we are even 
more concerned that the proposal over- 
looks other ecosystems entirely. Chilean 
Patagonian peatlands cover 3.1 million 
hectares (2) and contain approximately 
4800 million tons of carbon accumulated 
over 18,000 years (3, 4). This is 4.7 times 
more carbon than the aboveground bio- 
mass of forests in Chile (4, 5). Peat in Chile 
is classified as a fossil resource, allowing it 
to be exploited by the Ministry of Mining 
(6). Chile should invest in the protection of 
this important ecosystem. 

Because of the slow peat accumulation 
in sub-Antarctic regions (less than 1 mm 
per year) (4), exploitation of peatlands 
compromises their carbon sequestra- 
tion capacity, shifting peatlands from net 
carbon sinks into net carbon sources (7). 
Protecting Chile’s Patagonian peatlands 
would help the country achieve carbon 
neutrality by 2050 (8, 9). To protect the 
peatlands, Chile must end their classifi- 
cation as fossil resources. Instead, Chile 
should present peatland preservation 
as part of its greenhouse gas reduction 
contributions at the 2019 United Nations 
Climate Change Conference (COP25) (now 
planned for Madrid, Spain, instead of 
Chile). Patagonian peatlands should also be 
recognized as overlooked carbon sinks of 
regional importance in Chile’s new Climate 
Change Law (10). 
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Comment on “The role of electron-electron 
interactions in two-dimensional Dirac fermions” 
S. Hesselmann, T. C. Lang, M. Schuler, S. Wessel, 

A. M. Lauchli 

Tang et al. (Research Articles, 10 August 
2018, p. 570) report on the properties of Dirac 
fermions with both on-site and Coulomb 
interactions. The substantial decrease, up to 
~40%, of the Fermi velocity of Dirac fermions 
with on-site interaction is inconsistent with 
the numerical data near the Gross-Neveu 
quantum critical point. This results from an 
inappropriate finite-size extrapolation. 

Full text: dx.doi.org/10.1126/science.aav6869 


Response to Comment on “The role of electron- 
electron interactions in two-dimensional 
Dirac fermions” 


Ho-Kin Tang, J. N. Leaw, J. N. B. Rodrigues, 

|. F. Herbut, P. Sengupta, F. F. Assaad, S. Adam 
Hesselmann et al. question one of our con- 
clusions: the suppression of Fermi velocity 
at the Gross-Neveu critical point for the 
specific case of vanishing long-range inter- 
actions and at zero energy. The possibility 
they raise could occur in any finite-size 
extrapolation of numerical data. Although 
we cannot definitively rule out this possibil- 
ity, we provide mathematical bounds on 
its likelihood. 

Full text: dx.doi.org/10.1126/science.aav8877 


EDITOR’S NOTE 

“Joint statement on EPA proposed rule and public 
availability of data (2019)” by H. Thorp, M. Skipper, V. 
Kiermer, M. Berenbaum, D. Sweet, R. Horton, Science 
366, eaba3197 (2019). Published online 6 December 
2019 (First Release 26 November 2019); 10.1126/ 
science.aba3197 
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Tang et a/. (Research Articles, 10 August 2018, p. 570) report on the properties of Dirac fermions with 
both on-site and Coulomb interactions. The substantial decrease, up to ~40%, of the Fermi velocity of 
Dirac fermions with on-site interaction is inconsistent with the numerical data near the Gross-Neveu 
quantum critical point. This results from an inappropriate finite-size extrapolation. 


The low-energy excitations of many condensed matter sys- 
tems, such as electrons on the honeycomb lattice of gra- 
phene, can be described by massless Dirac fermions with a 
Dirac cone-like dispersion relation and a corresponding 
Fermi velocity. The inclusion of interactions among the 
fermions eventually leads to a breakdown of this descrip- 
tion, once the system undergoes a quantum phase transition 
to an insulating phase beyond a critical interaction strength. 
Below this interaction-induced quantum critical point 
(QCP), the system is characterized by massless Dirac fermi- 
ons with a renormalized Fermi velocity. The quantification 
of this velocity renormalization constitutes a challenge in 
numerical simulations: Crossover effects strongly alter fi- 
nite-size system estimates close to critical points, and a 
careful analysis of the actual excitation energies is required 
to extract reliable results. 

Tang et al. (J) extract the momentum-resolved one- 
particle excitation energies from imaginary-time correlation 
functions obtained by projective quantum Monte Carlo 
(QMC) simulations. Upon approaching the Dirac points, the 
lattice dispersion of the noninteracting (tight-binding) fer- 
mion system takes on a linear, relativistic form that defines 
the tight-binding Fermi velocity vp at the Dirac point. The 
inclusion of either on-site (Hubbard) interactions or extend- 
ed Coulomb interactions leads to changes of these excitation 
energies. Below the interaction-induced Gross-Neveu QCP, 
the dispersion remains gapless at the Dirac point in the 
thermodynamic limit (TDL) at infinite lattice size, defining 
the semimetallic (SM) regime. For the case of the Hubbard 
model, the Gross-Neveu QCP is known to be located at an 
on-site repulsion of U.(y = 0) = 3.85(2)t, beyond which the 
model exhibits antiferromagnetic order (2). Here, t denotes 
the nearest-neighbor hopping strength on the honeycomb 
lattice, and y = 3a0/U in terms of the Coulomb interaction 
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strength oo. Throughout this comment, we follow the nota- 
tion used in (J). 

In order to extract the interaction-induced renormaliza- 
tion of the Fermi velocity within the SM phase, the excita- 
tion gaps obtained from the QMC data for finite-size 
systems need to be extrapolated to the TDL. Finite-size ef- 
fects are observed in all excitation energies, but in particular 
close to the QCP. This is seen in Fig. 1, which shows the bare 
finite-size excitation gaps, extracted from the imaginary- 
time QMC data as detailed in the supplementary materials 
of (1), based on the datasets made available online by the 
authors of (J). We observe that the finite-size effects are 
most pronounced at the Dirac points themselves (Fig. 1), 
where the gap vanishes in the TDL within the SM regime 
for U < U.(O) and at the Gross-Neveu QCP U = U.(0). On the 
other hand, for momenta in the immediate vicinity of the 
Dirac points, the finite-size effects are seen to be much 
weaker (Fig. 1), and one may estimate the TDL values of the 
excitation energies at these momenta from the values on the 
largest system sizes accessed in (1). 

In Fig. 1 we also include data provided by Tang et al., 
showing their finite-size extrapolated gaps. This processed 
data (based on the interpolation scheme used in their figure 
$2) are seen to be incompatible with the behavior of the 
excitation energies for small values of a@Ak extracted with 
our scheme. Moreover, as shown in Fig. 2A, the excitation 
energies close to, but excluding, the Dirac point exhibit only 
a weak dependence on U. Thus, for y = 0, the low-energy 
Dirac dispersion, and hence the Fermi velocity, is in fact 
only weakly modified by the on-site interactions. In particu- 
lar, the low-energy dispersion traced by our data in Fig. 1 for 
U = 3.75t is clearly inconsistent with the ~40% decrease of 
the Fermi velocity from vp reported in (J), which is indicated 
by the lower red line in Fig. 1. 
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A reliable estimate for the Fermi velocity at the Dirac 
point for values of U inside the SM regime can be obtained 
from a finite-size analysis of the rescaled lowest particle- 
excitation energy E/(aAk) at the closest momentum to the 
Dirac point on each finite lattice. The corresponding finite- 
size values are compared to vp in Fig. 2B, and they demon- 
strate a remarkably weak renormalization of the Fermi ve- 
locity throughout the SM phase. A reduction by ~40% from 
the value vo is not compatible with the observed steady ap- 
proach of E/(aAk) toward vp with increasing system size for 
all considered values of U within the SM regime. 

The substantial overestimation of the Fermi velocity 
suppression by the on-site interaction reported in (J) (see 
also Fig. 2C) is in fact due to an inappropriate finite-size 
extrapolation procedure, which is documented in figure S2 
of (1): The authors of (7) use the slope between the finite- 
size excitation energies at the Dirac point and the closest 
point to the Dirac point [with a linear interpolation to the 
simulation scale] as estimator. The finite-size energies at the 
Dirac point suffer from particularly large finite-size effects 
near the Gross-Neveu QCP, and the strong suppression of 
the Fermi velocity that is reported in (J) near the Gross- 
Neveu QCP merely reflects the enhanced finite-size effects of 
the excitation energy at the Dirac point, but not the renor- 
malization of the actual low-energy dispersion. The extrac- 
tion of velocities based on the softest excitations is also 
reported to be subtle for related quantum phase transitions 
[see, e.g., (3-5)]. 

Their means of data analysis therefore did not allow the 
authors of (J) to faithfully reproduce the Fermi velocity 
renormalization beyond the weak-coupling regime. The 
Fermi velocity renormalization shown in figure 2 of (J) is 
affected strongly by their finite-size analysis scheme, in par- 
ticular in the vicinity of the Gross-Neveu QCP at U-.(y), 
which calls for a revised analysis and interpretation of the 
numerical data along the lines outlined in this comment. 
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Fig. 1. Low-energy dispersions for the Hubbard model on the honeycomb lattice at different interaction 
strengths. Dependence of the bare lowest particle-excitation energy E on the distance aAk to the Dirac point is 
shown for the Hubbard model (y = 0) on the honeycomb lattice at U/t = 0.5 and 3.75. E is deduced from the 
imaginary-time slope of the Green's function at the corresponding momenta for different linear lattice sizes L of the 
system. The dashed dark gray line traces the lattice dispersion relation for the tight-binding model of noninteracting 
fermions (U/t = 0). Also indicated are linear dispersions corresponding to Vo (dark gray solid line) and to the 40% 
decrease with respect to vo reported in (1) (lower red solid line), and lines that connect the excitation energy at the 
Dirac point to its value at the nearest-neighbor momenta on the L = 15 lattice for U/t = 0.5 (dashed red line) and for 
U/t = 3.75 (upper solid red line). We include data processed by Tang et al. (gray symbols, right scale), which shows 
their finite-size extrapolated gaps for U/t = 3.75 based on the interpolation scheme proposed in figure S2 of (1). 
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Fig. 2. Interaction effects on the low-energy excitations for the Hubbard model on the honeycomb lattice. (A) 
Dependence of the bare lowest particle-excitation energy E on the strength of the Hubbard interaction U at the Dirac 
point (aAk = O) and at two different distances aAk = 0.48 and 0.97 to the Dirac point for the largest accessed linear 
system size L = 15 of (1). (B) Relative difference between Vo and the rescaled lowest particle-excitation energy E(aAk) at 
the closest momentum to the Dirac point on each finite lattice, as a function of the strength of the Hubbard interaction 
U for different system sizes L. The red arrow indicates the 40% decrease with respect to Vo reported in (1). In both 
panels, the dashed vertical line gives the position of the Gross-Neveu quantum critical point from (2). (C) The estimate 


for the renormalization of the Fermi velocity as provided by Tang et al., which includes the strongly finite size—affected 
Dirac point. 
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Hesselmann ef¢ a/. question one of our conclusions: the suppression of Fermi velocity at the Gross-Neveu 
critical point for the specific case of vanishing long-range interactions and at zero energy. The possibility 
they raise could occur in any finite-size extrapolation of numerical data. Although we cannot definitively 


rule out this possibility, we provide mathematical bounds on its likelihood. 


Our procedure to extract the interaction correction to Fermi 
velocity Av;(k) from quantum Monte Carlo (QMC) simula- 
tions for on-site Coulomb interactions (vy = 0) and very close 
to criticality (U — U.) has been questioned (J). To put this in 
context, our figure 2 in (2) comprises about 120 data points 
for on-site interactions ranging from weak to strong cou- 
pling, and with varying long-range interaction. The critique 
concerns at most three of these data points. Additionally, 
our data can be thought of as momentum slices of figure 2, 
for which we use 16 such slices. Their criticism is only close 
to the Dirac point (Ak — 0), and as such, it concerns only 
these three data points out of the ~2000 projected datasets, 
and therefore no more than 0.2% of the QMC data in (2). 
Most of our core findings and conclusions are unaffected. 
Here, we defend our claim of a Fermi velocity suppression 
for y = 0, U— U., and Ak —% 0. We consistently use the follow- 
ing estimator for Avr: 


aa k (1) 


where AE(K, L) is obtained from QMC data for system size L. 
We evaluate our estimator at the smallest momentum acces- 


sible to QMC, k,. = 4 i (V3L ya.) 4Z(miny L) is obtained for 


L < Imax from AE(k,, L) and AE(O, L) by linear interpolation 
(see Fig. 1). Here k, =4n i (V3. L). Note that if we could simu- 


late infinite lattices, our estimator would be identical to the 
mathematical definition of Avp(k — 0), 
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Av;""*(k —> 0) = lim, Jim : 


min (2) 


Hesselmann et al. observe from our numerical data that 
close to criticality, the Dirac point energy is more strongly 
affected by finite lattice size than neighboring momenta. To 
correct for this, they outline an alternate procedure: (i) Set 
the Dirac point energy to zero (throwing away all infor- 
mation that the QMC provides about the Dirac point), and 
(ii) use an estimator obtained from a single system size, 


se 4n L 
avi = 3h (3) 


This estimator ignores any finite-size scaling information. 
Figure 1 shows that the two estimators give different results 
when applied to our QMC data. This can be understood by 
first noting that in the thermodynamic limit, the Hessel- 
mann e¢ al. estimator is different from the mathematical 
definition of the Fermi velocity, 


An 
AE| kins —=— 
min ] 


min 


Av; = lim 
Kin 20 


‘min 


# Av,""*(k > 0) (4) 


www.sciencemag.org 1 


This is illustrated graphically in Fig. 1B. Avi is taken along 
the black diagonal arrow, whereas Av," (k > 0) is taken 


along the red horizontal arrow. We note that if in the ther- 
modynamic limit the two estimators disagree, then ours is 
always correct. However, at issue here is not the thermody- 
namic limit, but the finite lattice sizes achievable using 
QMC. Although we cannot make a priori assumptions about 
the functional form of AE(k, L) at the critical point (because 
we have a strongly correlated many-body state), we can still 
construct hypothetical functions AE,(k, L) to illustrate when 


and why Ava? (Kin ) and Av, disagree. 


First consider AE, (k,L) = Av;"*(k)k +] a(k)/L |, where 
Av," (k) = Avo + Av,k and a(k) = oo + ak (Avo = 


: -0.3, 


Av; = 0.1, & = 2, and a; = 1 are all chosen to be consistent 
with QMC data). For L = 24, this gives Avi x0 and 


Av," (k in) ® Av, = -30%. This simple and reasonable 


mu 
construction shows how it is possible for the Hesselmann et 
al. estimator to find no Fermi velocity renormalization, de- 
spite there being a strong suppression correctly captured by 
our estimator (see Fig. 1B). 


Now consider AE, (k,L) = [0.,5(k)/L | +Av,"*k , where 


6(k) is the Dirac delta function. This is an extreme example 
of Hesselmann et al.’s concern: Only the Dirac point has 
finite-size effects, but no other momenta. We emphasize 
that this functional form is inconsistent with our numerical 
data. Nonetheless, for this hypothetical worst-case scenario, 


Avi = Avie , and a (Kain) = ia _ (3a, /4n) . Tak- 


True 


ing Av, 
by at most 28%. 

Hesselmann et al.’s core claim is that “the strong sup- 
pression of the Fermi velocity ... near the Gross-Neveu QCP 
[quantum critical point] merely reflects the enhanced finite- 
size effects ... at the Dirac point, but not the renormalization 
of the actual low-energy dispersion.” Because Hesselmann et 
al. cannot exclude AE,(k, L) as a possible energy function, 
their claim is unsubstantiated. Moreover, even in the hypo- 
thetical worst-case scenario AE,(k, L), for the data in Fig. 1, 
it would require that a > 2.79 for their claim to be correct. 
As seen in Fig. 1C, our QMC data lie outside the shaded re- 
gion, and therefore, for this case, their claim is false. In ad- 
dition, the finite-size scaling at nonzero momenta (e.g., Fig. 
1D) and the observation that all the data points for L < 24 


lie below Ave provides convincing evidence that a func- 


tional form such as £,(k, L) is more likely than E,(k, L). 
Some further remarks are in order: 


= O and qo as above, we would underestimate vy 
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1) The positive Avi is physically counterintuitive, as 
the fermions will scatter off paramagnons and thereby slow 
down. This interaction with a bosonic mode is analogous to 
graphene interacting with phonons for which v;(#) is sup- 
pressed close to the Dirac point and enhanced for energies 
larger than the Debye energy [e.g., figure 2 of (3)]. This 
framework allows us to understand how a functional form 


such as AE,(k, L) arises physically, and why Avy incorrectly 


gets an enhanced Fermi velocity. 

2) The renormalization group flows in (2) were most 
strongly influenced by the logarithmic divergence (at finite 
y) of Av;(k) at large momenta, and as such, the numerical 
value of Avy at y = 0, U = U,, and k = 0 is not germane to our 
paper. Nor did we claim to be the first to calculate it. Figure 
14 of (4) shows a 38% suppression of a(vr), which is the 
prefactor of the density-density correlation function (in the 
Brinkmann-Rice metal-insulator transition, both vg and a 
vanish at the transition). Moreover, the Fermi velocity 
renormalization can be obtained from the specific heat 


(c, ~ Vg / Ve ), for which figure 13 of (5) calculates a ~30% 


enhancement of c, at U = U.. Both of these works (and ours) 
support a velocity suppression. 

3) Another indication that £,(k, L) is more likely than 
E(k, L) is the relative stability of the two estimators. We 


could use Avi for our QMC data, and our main conclusions 
would not change except at U — U, (away from criticality, 
Av,"® = Avji in the thermodynamic limit). However, (i) Av; 


is inconsistent with the actual QMC data, (ii) we would need 
different fitting procedures for different parts of our phase 


diagram, and (iii) Avp is unstable with changing L. Going 
from L = 15 to L = 24, Avp changes from -1.17% to +2.94%, 


whereas Av,""* only changes from -31.4% to -30.5%. 
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Fig. 1. Change in energy for Dirac fermions stemming from electron-electron interactions. The data were obtained 
using the projective quantum Monte Carlo method developed in (2). (A) Open data points are for lattice sizes L x L, 
where L = 6, 9, 12, 15, 18, 24. The solid red line is our estimator Av,?"8 (k) (Eq. 1), and the black line is the alternate 


estimator Avj' (Eq. 3). The two estimators disagree at kmin: Avz*"® (Kinin) = -30.5% while Avi = +2.94%. (B) Our 


estimator is always correct in the thermodynamic limit (see text). (C) Finite-size scaling of the Dirac point. Because the 
QMC data are outside the shaded region, even in the hypothetical worst case for our estimator, our numerical data are 
inconsistent with an unrenormalized Fermi velocity. (D and E) Finite-size scaling of v-(k) at nonzero momenta provides 
clear evidence that Ei(k, L) (the best case for our estimator) is more likely than E2(k, L) (the worst case for our 
estimator). 
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Spectroscopic dissection 
of electron-phonon coupling \ " 


Na etal., p. 1231 
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Immunofluorescence 
imaging of lymphatics 
associated with hair 
follicles inmouse skin 


STEM CELLS 


Edited by Stella Hurtley 


Stem cells reshape a lymphatic niche 


dult stem cells can both self-renew and regenerate new tissue upon demand. They reside in 
microenvironments (niches) that balance these decisions to avoid tissue overgrowth, cancer, 
and aging. Using murine skin as a model, Gur-Cohen et al. uncovered a lymphatic network of 
capillaries associated with the stem cell niche of hair follicles (see the Perspective by Harvey). 
Stem cells reshaped their lymphatic environment by switching their secretome to coordinate 
lymphatic-niche association. During tissue regeneration, a dynamic change in epithelial-lymphatic 
communication remodeled this association, synchronizing stem cell and niche behavior. —BAP 


Science, this issue p. 1218; see also p. 1193 


CONSERVATION ECOLOGY 
Vulnerability to 
habitat fragmentation 


Habitat fragmentation caused 
by human activities has con- 
sequences for the distribution 
and movement of organisms. 
Betts et al. present a global 
analysis of how exposure to hab- 
itat fragmentation affects the 


SCIENCE sciencemag.org 


composition of ecological com- 
munities (see the Perspective by 
Hargreaves). In a dataset con- 
sisting of 4489 animal species, 
regions that historically experi- 
enced little disturbance tended 
to harbor a higher proportion of 


species vulnerable to fragmenta- 


tion. Species in more frequently 
disturbed regions were more 
resilient. High-latitude areas 


historically experienced more 
disturbance and harbor more 
resilient species, which suggests 
that extinction has removed 
fragmentation-sensitive species. 
Thus, conservation efforts to 
limit fragmentation are particu- 
larly important in the tropics. 
—AMS 

Science, this issue p. 1236; 

see also p. 1196 
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BIOCATALYSIS 
Maximal efficiency from 
enzyme cascades 


Enzymes are highly selective 
catalysts that can be useful 
for specific transformations in 
organic synthesis. Huffman et al. 
combined designer enzymes in 
a multistep cascade reaction 
(see the Perspective by O'Reilly 
and Ryan). The approach 
eliminates purification steps, 
recycles expensive cofactors, 
and couples favorable and 
unfavorable reactions. With the 
target molecule islatravir, an 
experimental HIV drug, they 
optimized five enzymes by 
directed evolution to be compat- 
ible with unnatural substrates 
and stable in the reaction condi- 
tions. Stereochemical purity was 
amplified at every enzymatic 
step, and the final synthesis 
was both atom economical and 
efficient. -—MAF 

Science, this issue p. 1255; 

see also p. 1199 


MESOSCOPIC PHYSICS 
Transmitting 
quantum states 


The coherence of electrons in 
mesoscopic structures is thought 
to be unlikely to survive ina 
disordered environment. Duprez 
et al. show that this is not neces- 
sarily the case. They studied a 
metallic island as an example of 

a disordered environment. They 
made an electron interferometer 
and incorporated the island in 
one of the two paths through the 
interferometer. At sufficiently low 
temperatures and in the quantum 
Hall regime, they observed a clear 
interference pattern, indicating 
successful transmission of the 
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electrons’ quantum state across 
the island. —JS 
Science, this issue p. 1243 


ULTRAFAST OPTICS 
Tracking excitations 


Illumination can be used to 
excite a sample from its ground 
state to anumber of excited 
states. Typically, however, the 
details of the excitation dynam- 
ics are hidden from view because 
they decay so fast. Piatkowski et 
al. combined pump-probe tran- 
sient absorption and two-pulse 
photoluminescence correlation 
spectroscopy, allowing them to 
assess stimulated emission and 
ground-state bleaching contribu- 
tions to the transient absorption 
signal. This approach provides a 
window on the excitation dynam- 
ics within single nanocrystals 
and should also be useful for 
ultrafast nanocharacterization of 
complex samples. —ISO 

Science, this issue p. 1240 


HUMAN RETINA 
Sensing light without 
forming images 
In the rodent retina, intrinsically 
photosensitive retinal ganglion 
cells (ipRGCs) entrain circadian 
rhythms, modulate mood, and 
signal pupillary accommodation. 
Such responses are light-driven 
but not image-based. Working 
with donated human organ 
tissues, Mure et al. used elec- 
trophysiological approaches to 
identify ipRGCs in the human 
retina. The human retina has 
more cones than the retinas 
of nocturnal mice and rats. 
Differences in sensitivity, latency, 
and duration of responses identi- 
fied three subtypes of human 
ipRGCs. —PJH 

Science, this issue p. 1251 


CANCER 
Achildhood tumor— 
from the beginning 


Many adult cancers arise from 
clonal expansions of mutant cells 
in normal tissue. These prema- 
lignant expansions are defined 
by somatic mutations shared by 
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the cancers. Whether pediatric 
cancers originate in a similar way 
is unknown. Coorens et al. studied 
Wilms tumor, a childhood kidney 
cancer. Phylogenetic analyses 
revealed large clones of mutant 
cells in histologically and func- 
tionally normal kidney tissue long 
before tumor development. Thus, 
like adult tumors, Wilms tumor 
appears to arise from a premalig- 
nant tissue bed. —PAK 

Science, this issue p. 1247 


CANCER 
Finding tumor cells 
and killing them, too 


Treatments targeting the andro- 
gen receptor are a mainstay of 
prostate cancer therapy. However, 
these treatments do not usually 
cure the disease and eventu- 
ally lose their effectiveness. A 
major cause of this therapeutic 
resistance is the presence of neu- 
roendocrine tumor cells, which 
are not sensitive to androgen 
inhibition. Li et al. found that neu- 
roendocrine prostate cancer cells 
express a chemokine receptor 
called CXCR2. The receptor could 
be used to help identify these 
cells in tumors and represents a 
viable therapeutic target. —YN 

Sci. Transl. Med. 11, eaax0428 (2019). 


ATMOSPHERIC SCIENCE 
Here comes the flood 


Atmospheric rivers (ARs) are 
extratropical storms that produce 
extreme precipitation on the 
west coasts of the world’s major 
landmasses. Flood damage 
causes huge financial losses in 
U.S. West Coast communities. 
Now, researchers have found a 
possible link between ARs and 
flood damage. Corringham et al. 
found that increases in AR inten- 
sity and duration correspond with 
an estimated 10-fold increase 
in flood damages. The authors 
categorized ARs ona scale of 
one to five, with stages four 
and five representing the most 
intense ARs. This approach could 
potentially increase the efficiency 
of emergency preparedness for 
extreme flooding. —TM 

Sci. Adv. 10.1126/sciadv.aax4631 

(2019). 
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Worker phenotypes of 
genetically identical 
Florida carpenter ants 
are determined by, 
epigenetic modification. 


DENDRITIC CELLS 
More DC subtypes 
revealed 


Dendritic cells (DCs) are 
specialized immune cells 
that induce antigen-specific 
immunity and are sentinels for 
the initiation of T lymphocyte 
anticancer responses. Mouse 
DCs have traditionally been 
classified into two groups, 
cDCl and cDC2, but Brown et 
al. discovered that the cDC2 
group is made up of two previ- 
ously unknown subsets called 
cDC2A and cDC2B. Using 
single-cell RNA sequencing, 
they found that cDC2A and 
cDC2B can be distinguished 
by expression of the transcrip- 
tion factors T-bet and RORyT. 
These subsets seem to have 
different functions, with 
cDC2A associated with wound 
healing and cDC2B linked to a 
proinflammatory state. Similar 
DC counterparts were found 
in human samples, which may 
provide an explanation for the 
mixed responses that patients 
have to cancer immunother- 
apy. —PNK 

Cell 179, 846 (2019). 
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NEURODEVELOPMENT 
Stabilizing 
cell-type ratios 


Brain development depends 
both on having enough neurons 
and on those neurons being 
connected in the right ways. 
Willett et al. found that in mice, 
disruption of excitatory neu- 
rons of the cerebellar nuclei, 
either by inactivating genes 
encoding specific transcrip- 
tion factors or by dosing the 
neurons with diptheria toxin, 
resulted in an undersized cer- 
ebellum. The size disparity was 
a result of fewer downstream 
connected cells, including 
granule cells, Purkinje cells, 
and interneurons. Despite the 
cerebellum having too few cells, 
the ratio of cell types stayed 
normal. Thus, the number of 
excitatory cerebellar nuclei 
neurons defines survival of a 
matched set of Purkinje cells. 
The correct ratios of cells 
needed to establish functional 
circuits are maintained by a mix 
of strategies that regulate both 
proliferation and survival of 
neurons. —PJH 

eLife 8, e50617 (2019). 
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IMMUNOLOGY 
Delicate dancing 
in the liver 


Kupffer cells are a subset of 
macrophages lining the sinu- 
soids of the liver. There, they 
engage in specialized functions, 
including the consumption and 
breakdown of erythrocytes. 
However, the interactions that 
imprint the tissue-specific phe- 
notype of Kupffer cells is poorly 
understood. Two groups provide 
insights into how macrophage 
progenitors are directed toward 
this lineage. Bonnardel et al. and 
Sakai et al. depleted Kupffer 
cells and then monitored the 
macrophages that repopulated 
the liver for clues. Their findings 
indicate that there is a complex 
interplay of Kupffer cells with 
stellate cells, hepatocytes, and 
sinusoidal endothelium in the 
perisinusoidal space. These 
other cell types work to recruit 
monocytes and then induce 

and maintain the Kupffer cell 
phenotype via Notch—bone mor- 
phogenetic protein signaling and 
transforming growth factor—B 
family ligands. —STS 


Immunity 51, 638, 655 (2019). 
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MATERIALS SCIENCE 
Better fatigue 
resistance at low cost 


Framework or microarchi- 
tectured materials can be 
designed to have a combina- 
tion of strength and stiffness, 
not through changes in the 
underlying material but through 
variations in lattice density and 
architecture. By looking at the 
properties of cancellous bone, 
which is better than compact 
bone for stress dampening, 
Torres et al. explored ways to 
enhance the fatigue properties 
of microarchitectured materials. 
They found that a key element is 
the proportion of materials ori- 
ented transverse to the applied 
loads, because these materi- 

als act as sacrificial elements 
during cycling loading. Thus, 
although there is a tendency to 
design framework materials to 
maximize the struts oriented in 
the direction of expected load- 
ing, this can lead to a drastic loss 
of fatigue resistance and only 
minimal decrease in the overall 


density. -MSL 
Proc. Natl. Acad. Sci. U.S.A. 10.1073/ 
pnas.1905814116 (2019). 


PHYSICS 
Imaging heavy 
Dirac fermions 


Most topologically nontrivial 
materials discovered to date 
have negligible electron 
correlations. Strongly cor- 
related topological materials 
are predicted to have a rich 
phenomenology; however, 
identifying such materials 
and proving their topological 
character has been tricky. 
This is particularly true 
of samarium hexaboride 
(SmB,), a compound that is 
theoretically expected to be a 
topological Kondo insulator, 
but the multitude of probes 
used to study it have yielded 
conflicting results. Pirie et 
al. applied scanning tun- 
neling spectroscopy to the 
problem and found evidence 
of Dirac states with large 
effective masses, which is in 
agreement with theory. They 
were able to reproduce the 
results for multiple samples 
synthesized by two different 
growers. —JS 
Nat. Phys. 10.1038/ 
s41567-019-0700-8 (2019). 
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MOLECULAR BIOLOGY 


Epigenetic plasticity 
he Florida carpenter ant, Camponotus 
floridanus, is a social insect with two worker 
castes that, despite sharing the same 
genome, are phenotypically distinct: “Major” 
workers defend the nest, and “minor” workers 
forage. Because major workers can be experimen- 
tally reprogrammed into minor workers, they are 
a great system to study the underlying epigen- 
etic mechanisms for phenotypic differentiation. 
Glastad et al. compared gene expression in the 
brains of reprogramming-capable younger and 
reprogramming-incapable older major workers, 
as well as in the brains of major and minor work- 
ers during reprogramming. Chromatin repressor 
CoREST is up-regulated and required during 
reprogramming to repress major-biased genes, 
including enzymes that degrade juvenile hormone, 
which is key for regulating caste specificity. Thus, 
a chromatin-based mechanism that links transient 
epigenetic plasticity to long-lasting and complex 
social behavior has been uncovered. —SYM 
Mol. Cell 10.1016/j.molcel.2019.10.012 (2019). 


WORKFORCE 
Graduate students 


under pressure 


Although graduate student 
mental health is a topical issue, 
there is little empirical research 
on the subject. Hish et a/. used 
a stress process model to 
examine the roles of mastery 
and social support as mediators 
of stress. Using a validated self- 
report measure of stress, data 
relating to stress-burnout and 
stress-depression relationships 
were collected from biomedi- 
cal graduate students. Linear 
regression models showed that 
academic stressors were most 
predictive of burnout, whereas 
depressive symptoms were best 
predicted by family and mon- 
etary stressors. Furthermore, the 
relationship between stress and 
burnout was partially mediated 
by mastery and advisor support, 
whereas the stress-depression 
relationship was partially medi- 
ated by mastery, suggesting that 
future interventions might focus 
on enhancing mastery and/or 
improving advisor relationships. 
—MMc 

CBE Life Sci. Ed. 18, ar51 (2019). 
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HIV VACCINES 
Engineering better bnAbs 


A highly effective HIV vaccine 
has been the goal of vaccin- 
ologists for nearly 35 years. A 
successful vaccine would need 
to induce broadly neutralizing 
antibodies (bnAbs) that are 
capable of neutralizing multiple 
HIV strains (see the Perspective 
by Agazio and Torres). Steichen 
et al. report a strategy in which 
the first vaccine shot can lead to 
immune responses that gener- 
ate desired bnAbs. By combining 
knowledge of human antibody 
repertoires and structure to 
guide design, they validated 
candidate immunogens through 
functional preclinical testing. 
Saunders et al. designed 
immunogens with differences 
in binding strength for bnAb 
precursors, which enabled 
selection of rare mutations after 
immunization. The immunogens 
promoted bnAb precursor matu- 
ration in humanized mice and 
macaques. —PNK 

Science, this issue p. 1216, p. 1215; 

see also p. 1197 


ASTEROIDS 
Bennu ejects material 
from its surface 


Most asteroids appear inert, but 
remote observations show that a 
small number experience mass 
loss from their surfaces. Lauretta 
and Hergenrother et al. describe 
close-range observations of 
mass loss on the near-Earth 
asteroid Bennu (see the 
Perspective by Agarwal). Shortly 
after arriving at Bennu, naviga- 
tion cameras on the OSIRIS-REx 
(Origins, Spectral Interpretation, 
Resource Identification, and 
Security—Regolith Explorer) 
spacecraft detected objects 1 to 
10 centimeters in diameter mov- 
ing above the surface. Analysis of 
the objects’ trajectories showed 
that they originated in discrete 
ejection events from otherwise 
unremarkable locations on 
Bennu. Some objects remained 
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in orbit for several days, whereas 
others escaped into interplane- 
tary space. The authors suggest 
multiple plausible mechanisms 
that could underlie this activ- 
ity. -KTS 

Science, this issue p.1217; 

see also p. 1192 


VOLCANOLOGY 
Caldera collapse and 
flank eruption 


Real-time monitoring of volcanic 
eruptions involving caldera- 
forming events are rare 
(see the Perspective by 
Sigmundsson). Anderson et al. 
used several types of geophysi- 
cal observations to track the 
caldera-forming collapse at 
the top of Kilauea Volcano, 
Hawai'i, during the 2018 
eruption. Gansecki et al. used 
near-real-time lava composi- 
tion analysis to determine when 
magma shifted from highly 
viscous, slow-moving lava to 
low-viscosity, fast-moving lava. 
Patrick et al. used a range of 
geophysical tools to connect 
processes at the summit to lava 
rates coming out of far-away fis- 
sures. Together, the three studies 
improve caldera-collapse models 
and may help improve real-time 
hazard responses. —BG 
Science, this issue p. 1225, p.1212, 
p.1213; 
see also p. 1200 


SOLID-STATE PHYSICS 
A timely look into 
electron-phonon coupling 


The coupling between electrons 
and phonons—lattice vibrations 
in solids—is responsible for 
macroscopic quantum phenom- 
ena such as superconductivity. 
Yet, experimentally measuring 
this coupling as a function of 
momentum and for a particular 
phonon mode is tricky. Na et al. 
used time- and angle-resolved 
photoemission spectroscopy to 
excite electrons in graphite and 
monitor their decay, which was 
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accompanied by the release of 
phonons. The time constants of 
these decay processes provided 
direct information on electron- 
phonon couplings in this system. 
—JS 

Science, this issue p. 1231 


QUANTUM INFORMATION 
Divacancies in a diode 


Solid-state defects hold great 
promise as the building blocks 
for quantum computers. Most 
research has focused on defects 
in diamond, which are dif- 
icult to integrate with existing 
semiconductor technologies. 
An alternative two-vacancy 
neutral defect in silicon carbide 
(SiC) has a long coherence time 
but suffers from broad optical 
linewidths and charge instability. 
Anderson et al. fabricated these 
defects in a diode made out 
of commercially available SiC. 
Reverse voltage created large 
electric fields within the diode, 
tuning the frequencies of the 
defects transitions by hundreds 
of gigahertz. The electric fields 
also caused charge depletion, 
leading to a dramatic narrowing 
of the transitions. The technique 
should be readily generalizable 
to other quantum defects. —JS 
Science, this issue p. 1225 
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STRUCTURAL BIOLOGY 
Regulating synaptic 
signals 

In the brain, AMPA-type gluta- 
mate receptors (AMPARs) are 
ion channels that play key roles 
in synaptic plasticity, cogni- 
tion, learning, and memory. Two 
classes of subunits, the claudin 
family and the cornichon family, 
regulate AMPAR gating and 
trafficking. Previous structures 
have been presented of AMPAR 
bound to claudin homologs. 
Now, Nakagawa reports a 
high-resolution structure of 
AMPAR bound to the cornichon 
homolog CNIH3, determined by 
cryo-electron microscopy (see 
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the Perspective by Schwenk and 
Fakler). In contrast to a predicted 
topology of three transmem- 
brane helices and an intracellular 
amino terminus, CNIH3 has four 
transmembrane helices, and 
both the amino and carboxyl 
termini are extracellular. The 
structure reveals the architec- 
ture of the interaction interface 
between AMPAR and CNIH3 
and suggests a role for lipids 
in regulating the assembly and 
function of the AMPAR-CNIH3 
complex. —VV 

Science, this issue p. 1259; 

see also p.1194 


PHYSIOLOGY 
Translating into a bigger 
pancreas 


The messenger RNA transla- 
tion factor elF5A promotes cell 
proliferation during develop- 
ment and in tumors. This ability 
depends on elF5A hypusination, 
a posttranslational modification 
specific to elF5A. Levasseur et 
al. found that elF5A hypusination 
was critical for postnatal expan- 
sion of pancreatic 8 cell mass. 
Mice that could not perform 
hypusination in B cells did not 
produce sufficient cyclin D2 to 
sustain cell cycling and devel- 
oped diabetes in response to 
diet-induced obesity. Thus, elF5A 
hypusination enables 8 cells to 
proliferate, which is required to 
increase insulin production and 
maintain glucose homeostasis. 
—WW 

Sci. Signal. 12, eaax0715 (2019). 


IMMUNODEFICIENCIES 
Putting JNK] on the 


immunodeficiency map 


Impaired T helper 17 cell 
immunity is the shared element 
among a group of inherited 
immunodeficiencies that are 
associated with chronic mucocu- 
taneous candidiasis (CMC). Li et 
al. studied three patients from 

a single family who had a com- 
bination of CMC and an atypical 
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form of connective tissue dis- 
order that had some features 
of Ehlers-Danlos syndrome. 
Whole-exome sequencing identi- 
fied a loss-of-function splice-site 
mutation in the MAPK8 gene 
encoding c-Jun N-terminal 
kinase 1 (JNK1) that causes JNK1 
haploinsufficiency with auto- 
somal dominant inheritance. 
The complex clinical phenotype 
in these patients results from 
defects in signaling downstream 
of both interleukin-17 and trans- 
forming growth factor—B (TGF-f) 
cytokines. Thus, JNK1-mediated 
signaling plays a critical role in 
maintaining normal immunity to 
Candida, and TGF-8 promotes 
homeostasis of connective tis- 
sues. —IW 

Sci. lmmunol. 4, eaax7965 (2019). 
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VOLCANOLOGY 


The tangled tale of Kilauea’s 2018 eruption 
as told by geochemical monitoring 


Cheryl Gansecki*, R. Lopaka Lee, Thomas Shea, Steven P. Lundblad, Ken Hon, Carolyn Parcheta 


INTRODUCTION: Fissures sliced through Kilauea 
Volcano’s lower east rift zone on 3 May 2018, 
eventually engulfing hundreds of structures 
in lava flows and triggering a collapse at the 
summit. During the eruption, we employed a 
rapid routine for geochemical analysis of lava, 
developed over 6 years of monitoring the prior 
continuous eruption at Kilauea. The appli- 
cation of this routine elevated lava chemistry 
to a near real-time data stream in eruption 
monitoring, similar to seismic and geodetic 
data. It provided an unparalleled opportunity 
to understand changes in magma character- 
istics during a rapidly evolving eruptive crisis. 


RATIONALE: Lava chemistry provides vital in- 
formation on the underground sources of 
magma, eruptive conditions, temperature, and 
physical properties of lava flows. However, 
analytical techniques are typically slow, leav- 
ing chemical analysis of lava as a retrospective 


Magma End-members 
@ Phase 1 
@ Fissure 17 


© Phase 3 


tool in the volcano sciences. We developed 
an analytical procedure to characterize the 
geochemistry of lava within a few hours of 
sample collection, allowing us to identify a 
specific suite of major and trace elements 
that track lava compositions and estimate 
lava temperatures through chemical geo- 
thermometers. This information was used to 
inform response teams of shifts in eruptive 
conditions. 


RESULTS: The initial fissures erupted low vol- 
umes of chemically evolved basaltic lavas 
from 3 to 9 May, which were viscous and cool 
(~1110°C). On 13 May we detected less-evolved 
compositions and an increase in inferred 
lava temperatures (~1130°C). We informed 
science and response teams that the arrival 
of more fluid and voluminous lava was likely. 
Beginning 17 to 18 May, the lava from the pri- 
mary fissures became increasingly less chem- 


May-Sept. 2018 


The 2018 lower east rift zone eruption of Kilauea Volcano with inferred magma sources and 
pathways. (A) Simplified model of Kilauea’s magma system feeding the 2018 lower east rift zone 

eruption and locations of hypothesized magma end-members (b.s.|., below sea level). (B) Fluid basalt erupting 
from fissure 20 on 20 May 2018. (C) Fissure 17 erupting andesite more explosively 800 m away. 


Photos by U.S. Geological Survey. 
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ically evolved, hotter, and more fluid. By 28 May, 
activity focused on a single vent (fissure 8). 
This vent fed a massive outpouring of hotter 
(~1145°C) lava that continued for more than 
2 months. During this stage, lavas became 

slightly hotter and lost the 
cargo of lower-temperature 
Read the full article Minerals that were ini- 
at http://dx.doi. tially abundant. The lava 
org/10.1126/ carried olivine crystals 
science.aaz0147 with unusually high MgO, 
indicative of the presence 
of much hotter magma (>1270°C) somewhere 
in the plumbing system. A second dominant 
olivine population formed in cooler magma 
similar to what was being erupted previously 
at the summit lava lake. 

We also identified simultaneous, but more 
explosive, repetitive outbursts of andesite lava. 
This highly viscous and evolved composition, 
not previously known from Kilauea, erupted 
at low temperatures (1060° to 1090°C) on a 
fissure offset from the other eruption fissures. 
The chemical and mineralogical fingerprint of 
this lava was also detected at other fissures 
several kilometers from the andesite vent. 


CONCLUSION: Analysis of the data during the 
eruption revealed that at least three different 
sources of magma were feeding the eruption. 
The first two were the chemically evolved 
basalt of the initial fissures and the highly 
viscous andesite. Both are volumetrically minor 
sources that represent distinct pockets of old 
residual magma from Kilauea’s east rift zone 
that evolved for more than 55 years, cool- 
ing and crystallizing at depth. The third and 
volumetrically more substantial source was 
less-evolved and hotter basalt of fissure 8. 
This source was similar in composition to 
the magma erupted at Kilauea in the years 
before 2018 and was ultimately derived from 
the summit region. Draining and collapse 
of the summit by this voluminous eruption 
may have stirred up deeper, hotter parts of 
the summit magma system and sent mixed 
magma down the rift. By the final 20 days 
of the eruption, most magma stored within 
the active rift system had flushed out. Post- 
eruption analyses done by traditional geochem- 
ical methods confirmed that the rapid-response 
routine produced comparable data and vali- 
dated the models proposed during the active 
eruption. Our work has demonstrated that 
geochemical analyses of lava samples in near- 
real-time can yield critical information that 
enhances hazard assessments and risk mit- 
igation during an eruption. 


The list of author affiliations is available in the full article online. 
*Corresponding author. Email: gansecki@hawaii.edu 
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The tangled tale of Kilauea’s 2018 eruption 
as told by geochemical monitoring 


Cheryl Gansecki?*, R. Lopaka Lee”, Thomas Shea*, Steven P. Lundblad?, Ken Hon’, Carolyn Parcheta* 


Changes in magma chemistry that affect eruptive behavior occur during many volcanic eruptions, but 
typical analytical techniques are too slow to contribute to hazard monitoring. We used rapid energy- 
dispersive x-ray fluorescence analysis to measure diagnostic elements in lava samples within a few 
hours of collection during the 2018 Kilauea eruption. The geochemical data provided important 
information for field crews and civil authorities in advance of changing hazards during the eruption. 
The appearance of hotter magma was recognized several days before the onset of voluminous eruptions 
of fast-moving flows that destroyed hundreds of homes. We identified, in near real-time, interactions 
between older, colder, stored magma—including the unexpected eruption of andesite—and hotter 


magma delivered during dike emplacement. 


hemical analysis of lava provides a 

wealth of information about physical 

properties of flows, eruptive conditions, 

magma transport, and magma storage. 

Typically, analyses trail events by weeks 
to months, which inhibits combining geo- 
chemical data with live streams of seismic, 
geodetic, gas chemistry data, and field ob- 
servations. Chemical changes have particu- 
lar significance at Kilauea Volcano, where the 
initial phases of many fissure eruptions are 
dominated by differentiated lava from past 
eruptions that is stored in the rift zone [e.g., 
(J-3)]. The degree of fractionation, the volume 
of stored magma, and the amount of mixing 
with intruding magma are highly variable and 
exert substantial control on eruption behavior. 
In long-lived rift eruptions such as Pu‘u ‘OO 
(1983-2018), fractionated magma may take sev- 
eral years to flush out, before lava compositions 
become dominated by the newer magma and 
stabilize (4). During the 2018 Kilauea lower East 
Rift Zone (LERZ) eruption, the collection and 
rapid chemical analysis of lava samples were 
key to identifying and monitoring properties 
of lava and deciphering eruptive processes as 
they occurred. 

The U.S. Geological Survey (USGS) Hawaiian 
Volcano Observatory (HVO) and the University 
of Hawaii at Hilo (UH Hilo) have partnered 
since 2012 to develop a rapid analytical pro- 
tocol to characterize lava from active erup- 
tions within a few hours of collection. The 
procedure developed during the continuous 
eruption of Pu‘u ‘OO rapidly analyzes a lim- 
ited suite of trace elements and major elements 


Department of Geology, University of Hawai'i at Hilo, 200 W. 
Kawili Street, Hilo, Hl 96720, USA. °U.S. Geological Survey, 
Hawaiian Volcano Observatory, 1266 Kamehameha Avenue, Suite 
A8, Hilo, Hl 96721, USA. "Department of Geology and Geophysics, 
SOEST, University of Hawai'i at Manoa, Honolulu, HI 96822, USA. 
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to identify changes in maximum lava temper- 
atures, crystal fractionation trends, storage, and 
source origins. The chemical data are easily 
integrated with other monitoring data sources 
during an eruptive crisis, allowing interpreta- 
tions and hazard assessments in real time not 
previously possible. 


2018 Kilauea eruption 


The collapse of the long-lived Pu‘u ‘OO vent of 
Kilauea volcano on the Island of Hawai'i on 


o 


_/ Kilauea 
~ volcano 
7 ae 


i 


30 April was followed by downrift propaga- 
tion of a dike into the LERZ (5). On 3 May, 
eruptive fissures opened in the Leilani Estates 
subdivision west of Pohoiki Road. Fifteen fis- 
sure segments erupted along a single fracture 
trend during the first week, followed by an 
eruptive pause beginning on 9 May, although 
local earthquakes and deformation continued 
(5). On 12 May, new fissures opened east of 
Pohoiki Road downrift along the same trend, 
eventually extending 6.8 km in total length 
along 24 fissures (Fig. 1) (5). Only one fissure, 
17, opened offset from the others (Fig. 1). Lava 
output increased rapidly as the main eruptive 
activity shifted back uprift through May. 
Massive flows from fissure 8 commenced on 
28 May and remained vigorously active until 
4 August (5). The last active lava was observed 
in the fissure 8 vent on 5 September. Effusion 
rates up to 200 m?/s (dense-rock equivalent) 
produced an estimated total of 0.8 to 1.0 km? 
of lava, making this the largest LERZ eruption 
in 200 years (5). 

The timing and pattern of 2018 LERZ fissure 
eruptions define four general eruptive phases. 
The first three eruptive phases coincide largely 
with the changes in composition that we de- 
scribe below, whereas phase 4 produced no 
lava to analyze. We also consider the eruption 
of fissure 17, and the later reactivation of cer- 
tain fissures (particularly 13, 18, 19, and 22), as 
discrete events that warrant separate consid- 
eration given their compositional differences. 


[By Early Phase 1 
ES Late Phase 1 


[By Phase 2 
|| Phase 3 


iS Fissure 17 
@@ Vents 


Fig. 1. Map of lava flows and vents from the 2018 Kilauea eruption. Flows are color-coded by eruptive 
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sequence: gold is lava from early phase 1 (initial fissures), stippled green is late phase 1 (early downrift fissures), 
striped red is fissure 17, light blue is phase 2 (flows of 17 to 27 May), dark blue is phase 3 (after 27 May). Numbers 
mark vent locations mentioned in text; magenta dots are reactivated fissures. The pre-eruption coastline is shown in 
light blue. Locations of tilt station WAPM and seismic station KLUD are shown as squares. Inset map shows the Island 
of Hawai'i and Kilauea Volcano with the summit Halema‘uma'u lava lake (black triangle) and Pu'u ‘0'6 vent (black 
square) marked; map area is outlined. Map data: Esri, County of Hawaii, Hawaii Statewide GIS Program and USGS (25). 
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Early phase 1 (3 to 9 May, fissures 1 to 15, 
~0.1% of total erupted volume) and late phase 
1(12 to 18 May, fissures 16, 18 to 20, 22, ~0.1% 
of total erupted volume) were both small- 
volume, short-lived fissures separated by a 
short eruptive pause and a shift downrift 
(Fig. 1). Phase 2 saw increased lava effusion 
that sent large flows to the southeast as foun- 
taining migrated back uprift (17 to 27 May; 
fissures 21 to 24, others continue or reac- 
tivate, ~3 to 7% of total volume). During 
phase 3, voluminous output from fissure 
8 vent produced a large and destructive chan- 
nelized lava flow (28 May to 4 August; ~92 to 
96% of total volume). Fissure 17 produced 
fountains, highly viscous lava flows, and ex- 
plosive bursts (13 to 25 May; ~0.5 to 0.6% 
total volume). 


Geochemical analysis 


USGS-HVO field crews collected 113 molten 
or recently solidified samples during the erup- 
tion. Samples were delivered 2 to 12 hours 
after collection to UH Hilo, where they were 
dried, given a quick petrographic overview, 
and prepared for analysis (6). We analyzed all 
samples by energy-dispersive x-ray fluores- 
cence spectroscopy (EDXRF) for a limited suite 
of whole-rock major (Ca, K, Ti, Mg) and trace 
(Rb, Sr, Zr, Y, Nb) elements (data S1) (7). The 
main advantages of EDXRF for geochemical 
monitoring are minimal sample preparation 
and rapid data production. The turnaround 
time from rock to data was 1 to 2 hours, and 
we analyzed most within 24 hours of field col- 


lection. We analyzed a subset of samples dur- 
ing and after the eruption by conventional 
wavelength-dispersive X-ray fluorescence 
(WDXRF) spectroscopy for a full suite of ele- 
ments (data S2) (7). We also determined matrix 
glass (data S3) (7) and phenocryst (data S4) 
compositions by electron microprobe analysis 
(EMPA) on polished thin sections and grain 
mounts from representative samples. Matrix 
glass compositions represent the melt com- 
ponent of magma. 


Geothermometry 


We calculated lava temperatures using Ca- or 
Mg-based geothermometers calibrated using 
Kilauea glasses (7, 8). For initial estimates of 
lava temperature, we used the geothermom- 
eters on whole-rock, EDXRF-derived CaO or 
Mgo. Because the equations were empirically 
derived from mineral-free glass, calculated 
temperatures will be biased high when Ca- or 
Mg-rich minerals are present and thus repre- 
sent a maximum temperature (given as Toaomax 
and Tyeomax): These estimates generally agreed 
within ~5°C; greater divergence is an indica- 
tion of disequilibrium between the glass and 
mineral phases (9). EMPA analysis of matrix 
glass for MgO and CaO produces more accu- 
rate melt temperatures, but takes longer to 
obtain. Toaog and Tygoc were generally 5° to 
15C° cooler than Teaomax and Tygomax (Table 1) 
unless the sample was crystal-poor. Some sam- 
ples showed larger differences, in particular 
the highly evolved and crystal-rich andesite 
from fissure 17. 


Table 1. Calculated average eruptive temperatures and representative incompatible-element 
compositions. Whole-rock Zr and Nb compositions, plus average whole-rock and glass temperatures 
from CaO and MgO glass thermometers (8). Bulk maximum temperatures from rapid-response 
EDXRF and WDXRF duplicates (in parentheses) generally agree within 2° to 3°C (data S1 and S2) (7). 
Glass temperatures from EMP analysis of MgO and CaO in matrix glass (data S3). Glass temperatures 
are lower than the bulk-rock temperatures, except in later phase 3 where few Ca-bearing crystals are 
present. The rapid-analysis temperatures show the same pattern as the glass: substantially cooler 
than Pu'u ‘0'6 in early phase 1, higher temperature in late phase 1, then reaching Pu'u ‘O'6-like 


temperatures in phase 3. 


Bulk rock (max) temp. Glass temp. 

Source Zr (ppm) Nb (ppm) 
Teao °C) Tago (°C) Teao (°C) Tago (°C) 

Halema‘uma‘u lava lake N/A* (1160) N/A 1155 140 (136) = 12 (12) 


Reactivated F13 1115 (1117) 


*Olivine only, Tcao not applicable. 
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222 (213) 


543 (540) 


348 (329) 


1114 (1119) 


1094 291 (284) 


tEntrained (high-MgO) olivine makes temperature estimates too high. 
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Results 

Early phase 1: Eruption of low-temperature, 
highly differentiated lavas (3 to 9 May 2018) 
Highly differentiated basalt erupted from 
15 fissures in or near the Leilani Estates sub- 
division during the first week of the eruption. 
Cooling and crystallization produce differen- 
tiated or evolved magmas enriched in “in- 
compatible” elements (Zr, Nb, K, Ti, and 
others) not incorporated into crystals. Early 
phase 1 incompatible-trace-element concen- 
trations (Zr and Nb) were twice that of aver- 
age lava erupted during the past 35 years of 
activity on Kilauea (Table 1, Fig. 2, and data 
S1). Compatible major elements MgO (Fig. 2) 
and CaO (Fig. 3) were low, giving a maximum 
temperature of ~1110°C, about 30° to 40°C 
lower than temperatures typical of previous 
Pu'u ‘0% and Halema‘uma'u eruptions (Table 1). 
TiO, concentrations were much higher in 
this phase than any others (Fig. 4). 

The whole-rock WDXRF analyses of SiO, 
[51.7 to 52.3 weight % (wt %)] and alkalis 
(Na,0+K,0 = 3.8 to 4 wt %) confirmed values 
higher than typical Kilauea compositions (10) 
and were classified as silica-rich tholeiitic basalt 
to borderline basaltic andesite (data S2). 

We calculated representative melt temper- 
atures of 1104°C from CaO and 1097°C from 
MgO on matrix glasses, which were about 
10°C cooler than maximum temperatures cal- 
culated from EDXRF data. Glass SiO. compo- 
sitions from the 2018 LERZ, as well as earlier 
Pu‘u ‘OS and summit samples, were mostly 
typical for Kilauea tholeiitic basalts, averaging 
50 to 51 wt %. Higher glass SiO was only ob- 
served in two phase 1 samples, in addition to 
samples from fissure 17 and several reactivated 
fissures (data S3). 

Rapidly cooled lava from early phase 1 was 
glassy and appeared mostly aphyric in hand 
specimen, but we identified 30 to 40% micro- 
lites with scanning electron microscopy (SEM). 
These crystals were mostly high-aspect ratio 
plagioclase laths 20 to 100um in length. Larger, 
more equant phenocrysts of plagioclase and 
pyroxene up to 1 mm in size were also present. 
Plagioclase of Ans2.65 was most common, 
though a few had more anorthitic cores (Fig. 5). 
Pyroxenes were mostly augite with some high- 
Mg orthopyroxene-pigeonite (~70% enstatite 
component) (fig. S1). Most phenocrysts showed 
strong normal zoning with more Mg-rich 
cores. Rare ilmenite and Fog470 olivine (Fig. 5) 
were present in some samples. 


Late phase 1: Eruption of higher-temperature, 
less-differentiated lavas (12 to 18 May 2018) 


Tremor and deformation continued through 
the 9 to 11 May pause in eruptive activity, 
tracking migration of the dike 2 km eastward 
over 3 days (Fig. 3) (5). Beginning on 12 May, 
fissures 16, 18 to 20, and 22 erupted east of 
Pohoiki Road, downrift of the earlier fissures, 


2 of 9 


6L0z ‘O} 4equieceq uo /fio Beweouslos eous!0s//:dijy Wo pepeojuMog 


RESEARCH | RESEARCH ARTICLE 


600 


500 


200 


Early Phase 1 

Late Phase 1 
Phase 2 

Phase 3 

Fissure 17 
Reactivated 

Last Pu'u ‘O'S 
WDXRF duplicates 


a 
| 
| 
a 
ie) 
Sd 
A 
e 


MgO (wt.%) 


Fig. 2. Plot of incompatible element (Zr) versus a differentiation index (MgO) for all lava samples 
from the 2018 Kilauea eruption. Data from whole-rock EDXRF (data S1) (7) except black circles are WDXRF 
data obtained on a subset of the same samples (data S2) (7). Datasets show good agreement despite 


relatively large error for MgO. Gray area is region of 2 
the last lava from Pu'u ‘O'S. Bar in lower left gives est 
error of 3 ppm is within symbol size). 


but along the geophysically defined strike of 
the intrusion (Fig. 1). 

The composition of the late phase 1 lava 
was promptly recognized as substantially 
less fractionated than the initial western 
fissure lava, having lower incompatible ele- 
ments (Fig. 2 and Table 1), higher CaO (Fig. 3), 
and higher MgO (Fig. 2). The Toaomax of 
1128°C was 15° to 20°C higher than early 
phase 1. MgO and CaO glass compositions 
yielded average temperatures of 1106° and 
1113°C, respectively. Though hotter than 
the early phase 1 eruptions, late phase 1 lava 
was still 20° to 30°C cooler and less mafic 
than prior Pu‘u ‘OO or Halema‘uma‘u lava 
(Table 1) (17). 

Late phase 1 rocks contained 25 to 30% 
small (1 to 3 mm) plagioclase and pyroxene 
phenocrysts, with fewer 10- to 50-um micro- 
lites in the glassy spatter compared to early 
phase 1 samples. Plagioclase compositions 
were mostly An;;.¢; from the first fissures in 
this sequence, increasing to Anz a few days 
later. Pyroxenes were mostly augite, and we 
identified only one orthopyroxene phenocryst. 
Intergrown clots of plagioclase and augite were 
common, and most of the pyroxenes showed 
sector and/or concentric zoning. Minor olivine 
of Fogg.75 was also present, reaching Fo07_79 
in an early 18 May sample. Fissure 19, though 
active on 17 May, had anomalously high K,O 
and low TiOs, similar to some of the later re- 


016-2018 values from Pu'u ‘0'6 lava; black triangle is 
imated EDXRF 1 SD MgO error of +0.31 wt % (Zr 1 SD 


Phase 2: Higher-temperature mafic mixed lava 
and increased effusion (17 to 27 May 2018) 

We identified an abrupt change in chemis- 
try on the afternoon of 17 May, when fissure 
21 erupted more mafic lava in the middle of 
the western fissures in Leilani Estates. The 
following day, fissure 20 lava in the eastern 
group shifted from typical late phase 1 lava 
with ~6 wt % MgO and 225 parts per mil- 
lion (ppm) Zr in the morning, to 6.5 wt % 
MgO and 198 ppm Zr by evening of the same 
day (data S1) (7). 

Between 18 and 26 May, effusion rates in- 
creased markedly at fissures 16, 18 to 20, 
and 22. Vents also became active again uprift, 
particularly fissures 6, 13, and 15 (Fig. 6). By 
19 May, large, fast-moving lava flows from 
fissures 20 and 22 reached the ocean. We 
used EDXRF analysis to calculate Toaomax Of 
1138° to 1150°C (Fig. 3). Zr and MgO values 
approached Pu‘u ‘O‘6-like compositions, but 
Tmgomax Was anomalously high (Fig. 2 and 
Table 1). This was likely due to entrainment 
of high-MgO olivine crystals, out of equilib- 
rium with the melt (9). Glass CaO and MgO 
temperatures agreed, averaging 1128°C. 

The bulk composition of phase 2 lava was 
substantially less differentiated than previous 
samples. Whole-rock MgO ranged from 7 to 
8 wt %, Zr from 175 to 150 ppm, and glass 
MgO increased from 4.7 to 6 wt % (Fig. 5). 
Considering the widespread spatial dis- 


activated fissures (Fig. 4). 
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tribution of phase 2 vents, compositional 


6 December 2019 


variability was moderate and most strongly 
correlated with time. 

Phenocrysts, by contrast, ranged widely in 
composition, with plagioclase cores of up to 
An,g and rims as low as ~Ango. Olivine com- 
positions ranged from Fogg (rims) to Fogg 
(cores), the latter values surpassing any from 
Pu‘u ‘0% or recent summit eruptions (Fig. 5). 
Pyroxene phenocrysts were mostly augite, but 
some pigeonite was also present, mostly in 
crystal cores (fig. S1). Cr-spinel inclusions, more 
common in Halema‘uma‘u than Pu‘'u ‘0 sam- 
ples [e.g., (17)], were found in some of the 
high-Fo olivine phenocrysts. 


Phase 3: Voluminous eruption of high-temperature 
matic lava (28 May to 4 August 2018) 


On 28 May, a massive outpouring of basalt 
began from fissure 8. These high-volume 
flows bear similarities in bulk composition, 
phenocryst assemblages, and temperature to 
Pu‘u ‘O% and summit lavas. Most element 
concentrations leveled out at values similar 
to those of recent tholeiitic basalt at Kilauea 
(Figs. 2 and 3 and Table 1). Toaomax remained 
at 1142° to 1147°C for the rest of the eruption, 
with the exception of several reactivated fis- 
sures discussed below. Whole-rock MgO con- 
tinued to vary, but increased to up to 9 wt %, 
higher than the ~7 wt % seen in the previous 
10 years at Pu‘u ‘0% (Fig. 2), likely due to en- 
trainment of high-Mg0O olivine. SiO, (~51 wt %), 
alkalis (~2.7 wt %), and most other major 
elements were similar, if proportionately 
lower than values of basalts erupted from 
Pu‘u ‘O'S (data $2) (7). 

We confirmed the presence of Mg-rich 
(Fogg-go) Olivine cores and crystals using the 
electron microprobe. Rims of most of the 
olivine crystals had lower Fo (Fov¢.g9), closer 
to equilibrium with glass MgO concentra- 
tions averaging 6.3 wt % through the end of 
the eruption. These rim and glass values were 
similar to Pu‘u ‘OO compositions (Fig. 5). 
Glass temperatures were within a few degrees 
of Tcoaomax in most of these plagioclase-poor 
lava flows, with the exception of a few crystal- 
rich distal samples from late May and June 
(Fig. 5 and Table 1). 

The phenocryst cargo of the lava changed 
from augite, plagioclase, and olivine, to near 
olivine-only in late June. Cr-spinel was more 
common in the later samples, mostly as in- 
clusions in or in close association with high- 
Fo olivine phenocrysts. Plagioclase and pyroxene 
microlites were present in quenched sam- 
ples, though in smaller proportion than in 
the earlier phases of the eruption. 


Fissure 17: Eruption of highly evolved lava 
(13 to 25 May 2018) 


Fissure 17 erupted through late phase 1 and 
2 from an en echelon segment offset north 
of the main fissure trend and at the distal 
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Fig. 3. Temporal variation of bulk CaO and maximum temperature and correlation with nearby 
deformation and seismicity. (A) Plot of whole-rock CaO wt % and calculated temperature variation over 
time during the 2018 eruption. Whole-rock CaO provides maximum temperature estimate using CaO-in-glass 
thermometer of (8). Data from EDXRF, black circles are duplicate analyses by WDXRF. Horizontal 

gray bar shows average Pu'u ‘0'd CaO composition over the previous 3 years (10.9 + 0.2 wt %). 

Symbols as in Fig. 2. (B) Whole-rock CaO wt % as above superimposed on the northward motion of WAPM 
GPS station (right axis, black line). Dashed line is eruption onset, vertical gray bar indicates inferred 

arrival time of main intrusion. (©) Vertical black bars show 1-hour average of RSAM [Real-Time Seismic 
Amplitude Measurement (26) in arbitrary units A.U. on left axis] at the KLUD station. Red line is cumulative 
hourly RSAM on right axis. (B) and (C) are plotted over the period 30 April to 4 June 2018. Station 
locations shown in Fig. 1; WAPM was destroyed on 29 May. 


northeastern end (Figs. 1 and 6). This was 
the only vent substantially offset (~200 m, 
Fig. 1) from the rest of the fissure system. 
The composition of this lava is more evolved 
than any previous known eruptions on Kilauea 
Volcano, either from historic or prehistoric 
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flows [e.g., (J0)]. Zr concentrations were 
>500 ppm, and MgO was <3 wt % (Fig. 2 and 
Table 1). Teaomax reached low values of 1062° 
to 1093°C. 

Whole-rock SiO, was 55 to 60 wt % with 
total alkalis of 4.5 to 5.7 wt % (data S82) (7), 
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classifying it as an andesite. The lava ap- 
parently became more evolved during the 
first few days of activity, then quickly changed 
to a less evolved, basaltic andesitic compo- 
sition (Fig. 3). Matrix glass from fissure 17 
andesite attained 67 wt % SiO, (data S3) 
near the end of late phase 1. Initial CaO and 
Mg6O glass temperatures were ~1050°C, drop- 
ping to 1030° to 1035°C in high-silica spatter 
samples, then increasing to 1070° to 1080°C 
in the last-erupted lava. 

Phenocrysts were predominantly plagioclase 
and two pyroxenes, all with wide composi- 
tional ranges (Fig. 5 and fig. S1). Plagioclase 
and pyroxene microlites were also abundant. 
Unlike other lavas from the eruption, at least 
a few fissure 17 samples contained ilmenite, 
titanomagnetite, apatite, or rare inclusions 
of pyrrhotite, but no olivine. Inclusions, crys- 
tal clusters, and large, coarse-grained, glassy 
enclaves were common. 

The western end of fissure 17 erupted more 
explosively than other vents. It is unclear 
how much of the explosivity was due to the 
high viscosity of the magma and how much 
was due to interaction with external ground- 
water, as the biggest explosions occurred on 
the west end, where the volumetric output 
was low and viscosity highest. Similar ex- 
plosive behavior was not seen at other low- 
volume but less-differentiated fissures nearby. 
Activity at the central fissure 17 vent was 
predominantly fissure fountaining produc- 
ing lava flows, simultaneous with explosions 
at the west end. The extremely viscous flow, 
with its high density and yield strength and 
intense radiative heat, made sampling chal- 
lenging. Most spatter samples were collected 
200 to 300 m from the explosive vent. 


Reactivation of fissures: 
Eruption of mixed compositions 


Many of the eruptive vents along the fissure 
system reactivated intermittently days to 
weeks after their initial cessation (Figs. 1 and 
6). Several showed a change to more evolved 
rather than less evolved compositions, at least 
briefly. Fissure 13 reactivated on 15 May after 
being inactive for 6 days and produced lava 
with a bulk composition similar to that of 
its initial eruption, but with much higher 
matrix glass SiO, (54 to 55 wt % versus 49 to 
51 wt %) and apatite, which was not found 
in any of the initial eruptions. Fe-rich ortho- 
pyroxene phenocryst compositions from this 
sample overlapped with fissure 17 compo- 
sitions (fig. S1) and were unlike any other 
unit analyzed. The composition of lava from 
fissure 13 became less evolved with subse- 
quent reactivations and, by 24 May, was in- 
distinguishable from the composition of other 
phase 2 lava. 

Other fissures reactivated during late June 
(fissure 18) and early July (fissure 22). Samples 
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magma temperatures (Table 1). 


were not collected until the eruption stopped, 
because the vents were inaccessible after the 
fissure 8 flow began, so their exact timing is 
unknown. Near-vent samples are given a 
maximum formation date of 12 July 2018. 
These samples all show anomalously evolved 
compositions compared to fissure 8 lavas from 
the same period (Figs. 2 to 4). 

This change with reactivation was most 
pronounced at fissure 22, which produced 
audible explosions and built a cinder cone 
over the vent. The composition of vent spatter 
overlaps with that of the late-erupted fissure 
17 lava (Figs. 2 to 4) and was thus quite vis- 
cous (table SI). Glass SiOz averaged 55.6 wt %, 
and MgO 3.0 wt %. Phenocryst compositions 
varied widely, overlapping with crystals from 
fissure 8 (Fo,g olivine) and fissure 17 (high-Fe 
orthopyroxenes, Ans, plagioclase) lavas (Fig. 4 
and fig. S1). Olivine compositions showed a an 
exceptionally wide range, from Fog3 to Fogo 
(Fig. 5). Physical mingling of two distinct 
melts is visible in SEM images of fissure 22 
spatter (fig. $2). 


Interpreting magmatic processes 


The 2018 Kilauea eruption recorded a com- 
plex story of magma storage, mixing, and 
migration. During the past two-plus centu- 
ries, magma has repeatedly been injected 
into the LERZ (1790, 1840, 1924, 1955, and 
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1960; fig. S3), mixing with differentiated mag- 
mas from prior intrusions (J). Geochemical 
evidence suggests that at least two separate 
LERZ magma bodies interacted and mixed 
with hotter, less fractionated summit or deep 
rift zone magma during the 2018 eruption 
(Fig. 6). Early phase 1 lavas constitute one 
source (the “High-Ti” end-member of Fig. 4) 
and fissure 17 lavas a second stored magma 
source (the “Andesite” end-member). Phase 3 
lavas represent another end-member, which 
appears to source from an olivine-controlled, 
tholeiitic basalt magma with similarities to 
both the Halema‘uma‘u and Pu‘u ‘OO lavas 
(‘“Mafic” end-member). 


Differentiated and stored magmas 


Whole-rock and mineral compositions of ini- 
tial phase 1 lavas (“High-Ti” end-member) 
form distinct clusters and showed little to no 
overlap with other erupted lavas or Pu‘u ‘OO 
and summit lavas (Figs. 2 to 5 and fig. S1). 
The evolved composition, low temperature, 
and presence of orthopyroxene indicate early 
phase 1 differentiated from magma previously 
trapped in the rift zone [e.g., (7)] that was 
forced to the surface by the intruding dike 
(Fig. 3). Most early phase 1 lavas could have 
formed by differentiation of late 1955 magma 
(Fig. 4), on the basis of MELTS calculations 
(12). The rare presence of ilmenite agrees with 
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this model, which shows the basalts to be at 
maximum iron enrichment and onset of Fe-Ti 
oxide crystallization. Several early phase 
1 samples were either less differentiated or 
lie along a possible mixing line with later 
phase 1 compositions (Fig. 4). Late phase 1 lavas 
were too mafic to be differentiated from 
1955 lava (Fig. 4), and mineralogical and 
compositional variations indicate that they 
were likely mixtures between the three mag- 
matic end-members. 

The fissure 17 andesite flows had a broad 
range of orthopyroxene Mg compositions from 
enstatite 80 to 45 (fig. S1). The distinctive 
mineralogy and chemistry suggested the an- 
desite formed as an isolated magma body 
rather than by mixing with other magmas. 
We considered that the andesite resulted from 
mixing between a dacite body encountered 
during drilling in 2005 by Puna Geothermal 
Venture about 2 km away (13) and one of 
the other end-members. However, the ande- 
site does not sit on any reasonable mixing 
lines with the dacite (data S2 and fig. S4). 

Late 1955 magma is also a possible source 
for the andesite, depending on cooling history 
and oxygen fugacity (fO.) conditions (Fig. 4). 
It cannot be the source of both the andesite 
and the early phase 1 lava, as the compositional 
gap is too great and the andesite volume much 
larger. We could not obtain reasonable matches 
between MELTS differentiation paths and 
the andesite using other characterized local 
magma sources in the LERZ (1960 or 1790) 
as starting compositions (Fig. 4). A specific 
source may not be identifiable if larger, 
long-lived rift magma bodies were amalga- 
mations of repeated dike injections over cen- 
turies within the lower east rift zone (/4, 5). 


Mixing and hybridization of lavas 


Lavas erupted during late phase 1 and phase 2 
appeared to be part of a continuum of mixing 
between early phase 1 and phase 3 composi- 
tions (Figs. 2, 3, and 5). Simple mixing and 
hybridization would appear as a straight line 
between the High-Ti and Mafic end-members 
(Fig. 4) if it were caused by a mafic dike in- 
truding a single differentiated rift stored 
magma body (/, 2). 

Many late phase 1 and early phase 2 lavas 
showed unexpected signs of mixing with 
the fissure 17 andesite (Figs. 4 and 6). Lava 
collected from vents 20, 19, and 13 on 15 to 
18 May, just prior to the onset of high-volume 
phase 2 eruptions, showed increasing mixing 
with the andesite, despite being up to 2.5 km 
from fissure 17 (Figs. 1 and 4 and data S1). 
The final four samples of andesite erupted on 
20 to 22 May had about 25% lower KO, indi- 
cating mixing with mafic magma from the main 
dike system (Fig. 4). Vents 18 and 22 reactiv- 
ated during phase 3, and their compositions 
also lie on a mixing line with the andesite 
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the anomalous reactivated fissures. One fissure 8 flow sample at day 55 is also anomalously low in glass 
and olivine MgO, but it was collected 12 km from the vent and is crystal-rich; other samples were collected 
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(Fig. 4 and data S1). One fissure 22 sample 
contained low-Mg orthopyroxenes (fig. S1), 
and Fe-Ti oxides found only in the andesite, 
and showed mingling between basalt and 
andesite glasses (fig. S2). The complex mixing 
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patterns indicate that fissure 17 must be an 
en echelon fissure that intersected the ande- 
site body but was also connected at depth to 
the main dike. The areal distribution of mix- 
ing (Fig. 6) suggests that the fissure 17 dike 
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system may extend at depth several kilome- 
ters to the southwest of the surface vent (Fig. 1) 
and that the andesite body could be larger 
than the erupted volume. 

The arrival of clearly identifiable mafic 
magma in the intruding dike began on 17 to 
18 May at the start of phase 2, marked by an 
abrupt rise in lava temperature, a shift in 
composition, rapidly increasing effusion rates, 
and the diminishing of local deformation and 
seismicity (Figs. 2, 3, and 5). Both new and 
reactivated fissures along the main trend 
showed rapid compositional fluctuations, as 
more primitive magma mixed with and flushed 
out the stored magma by 24 May. Extremely 
Mg-rich olivine crystals (Fogg.g9) first appeared 
on 20 May. The Fogg-g9 olivine cores would 
have formed at temperatures of 1270° to 1290°C 
in magma with ~13 to 14 wt % MgO (8, 16), 
conditions that generally only occur in the 
summit magma reservoir or possibly in the 
deep rift. The outer rims of the olivine crys- 
tals were around Fo-s, generally in equilibrium 
with the erupted lavas (Fig. 5B). Kink banding 
was observed in a few larger (>2 mm) olivines 
during phase 2, implying minor entrainment 
from a cumulate source, likely from a deeper 
part of the rift zone (77). 


Voluminous mafic lava 


Phase 3 lavas erupted from fissure 8 were 
reasonably homogeneous basalts similar 
in bulk composition to recent Pu‘u ‘O or 
Halema‘uma‘u lava, but with distinctly ele- 
vated incompatible-element concentrations 
(K,O, La, Ti, Zr) (Table 1 and Figs. 2, 4, and 7). 
As phase 3 progressed, MgO in glass shifted 
to higher values (from ~6.1 wt % to 6.6 wt %), 
and the mineral phenocryst assemblage grad- 
ually changed from olivine, clinopyroxene, 
and plagioclase to nearly olivine-only during 
the last month. Olivines in early phase 3 con- 
tinued to show the broad range of core com- 
positions (Fo77.g9) that were first observed in 
phase 2. Most olivine rims (F077,9) were in 
equilibrium with the host melts (Fig. 5B) as 
they became more MgO-rich over time. The 
persistent high-Mg olivines (Fogg-g9) that 
we found in phase 3 lavas contained Cr-spinel, 
were normally zoned, and had euhedral forms, 
characteristics of a magmatic rather than rift 
cumulate origin. Olivines with Fogg composi- 
tions are extremely rare in subaerial Kilauea 
magmas (11, 78), but have been found in the 
submarine portion of the East Rift zone (17), 
transported from either the summit magma 
reservoir or the deep rift zone. 


Kilauea magma compositions 
and summit storage 


Magma ascends from the mantle into the sum- 
mit storage system of Kilauea with a recharge 
rate of at least 0.1 km?/year (19). The system 
was composed of a shallow (1- to 2-km depth), 
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small magma chamber under Halema‘uma'u 
connected to a deeper (3 to 5 km), larger (3 to 
20 km?) chamber beneath the southeastern 
region of Kilauea caldera with possible addi- 
tional storage in a deep rift system (79, 20). 
From 2008 to 2018, lava circulated, cooled, and 
degassed within the shallow Halema‘uma‘'u lava 
lake prior to passing back through the deeper 
chamber and out through a shallow dike (2- to 
3-km depth) feeding the Pu‘u ‘O% vent (JJ, 19). 
The volume of the 2018 summit collapse sug- 
gests that ~1 km? of magma was drained from 
the shallow Halema‘uma‘'u body (5). 

Isotopic (Sr, Nd, Pb) and incompatible- 
element (K, Ti, Zr, La, Nb) compositions of 
olivine-controlled Kilauea summit magmas 
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vary over time and are thought to reflect 
changes in mantle source compositions (21). 
Distinct changes in incompatible-element 
concentrations of olivine-fractionated sum- 
mit and rift lavas have been previously at- 
tributed to (i) storage of small, discrete magma 
“batches” in a plexus of dikes and sills with 
residence times of one to two decades (18); (ii) 
nearly continual mantle recharge of a small 
summit magma chamber (<0.5 km?) with a 
residence time of <10 years (27); and (iii) a 
compositionally and thermally zoned magma 
chamber with variable vertical mixing (77) and 
much longer residence times. 
Incompatible-element concentrations of 
K,O and TiO, (Fig. 7) in olivine-fractionated 
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Puu ‘OO lavas (>6.8% MgO) gradually de- 
clined from 1985 to 2000, remained relatively 
flat through 2015, and began increasing 
systematically from 2016 to 2018. The cor- 
relation of Halema‘uma‘u and Pu‘u ‘O'S K,O 
and TiO, values from 2010 to 2018 (Fig. 7) 
supports the genetic linkage between the 
two vents (J1). The gradual change in com- 
position coupled with the large erupted vol- 
ume (~3.5 km?) from 1983 to 2018 cannot 
be explained by the “dikes and sills” model 
but is compatible with the other two models. 
K,O, TiO., Zr, and other incompatible elements 
were higher at the start of phase 3 than for 
the past 2 years (Figs. 2 and 7) and remained 
relatively constant for the remainder of the 
2018 eruption. The small magma chamber 
model (<0.5 km?) cannot easily explain the 
appearance of nearly 1 km? of “new” magma 
and disappearance of an equal volume of 
“Halema‘uma‘u” magma. A more likely model 
is that denser, degassed magma draining from 
the shallow Halema‘uma‘u chamber vertically 
mixed with hotter magma bearing a higher 
incompatible signature (K,O, TiOs, Zr,) resid- 
ing either deeper in the summit chamber or 
the deep rift zone. 


Magma transport 


Early phase 3 lavas had olivine cores with 
distribution peaks at Fo7s-79 (similar to 2017- 
2018 Pu‘u ‘OO cores), at Fogo.g; (similar to 
2017-2018 Halema‘uma‘u cores), and at Fogg-g9 
(data S4: and fig. S5), representative of a higher- 
temperature component. This suggests that 
cooler magmas similar to Halema‘uma‘u and 
Pu‘u ‘O magmas were mixing with deeper, 
hotter lava in the summit chamber or deep 
rift to form the dike magma. During the last 
20 days of the 2018 eruption, olivine cores 
show bimodal peaks at Fogo.g; and Fogg_-g9 
(data S4 and fig. S5) with only a few Fo73-79 
cores. The combination of the distribution of 
olivine compositions, the absence of phenocrysts 
other than olivine, and the higher glass MgO 
compositions are highly suggestive that lavas 
erupted during the last 20 days were derived 
by mixing of shallow (cooler with lower KO) 
and deep (hotter with higher K,O) components 
from the summit. 

The initial dike propagated downrift from 
Pu‘u ‘O'S on 30 April 2018 and erupted on 
3 May. By 24 May, the mafic magma reached 
a stable, olivine-controlled composition with 
elevated incompatible-element concentrations 
relative to Pu‘u ‘O and Halema‘uma‘u lavas 
(Figs. 2,5, and 7). The 3- to 4-week arrival time 
for mafic magma is consistent with intervals 
documented in 1955 and 1960. However, the 
final volume of mafic lava erupted in 2018 
was about 10 times larger than the previous 
eruptions (J, 2, 18) and appears to have 
flushed the system of differentiated magma. 
It is unclear if magma was transported from 
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from (7, 11) (data S2). 


the summit to the eruption site using the es- 
tablished Pu‘u ‘O'S dike system at about 2- to 
3-km depth (22) or if transport switched to 
the deep rift plumbing system (79, 20). The 
most magnesian olivines from the Pu‘u ‘OO 
eruption were Fog7 (23), suggesting that the 
abundant Fogsg-g9 olivines could not have 
been entrained by transport through the shal- 
low Pu‘tl ‘0% dike system. The Fogg-g9 olivines 
may have originated from deeper parts of the 
rift system, picked up during transport (/7). 
Alternatively, magma carrying the high-Fo 
olivines could have exited from a deeper level 
of the summit chamber directly into the deep 
rift system (17) (fig. S3). 


Petrology as a volcano-monitoring tool 


The use of near-real-time compositional data 
was incorporated into the eruption monitor- 
ing and response. Geochemical results were 
reported to HVO staff and posted on the 
communications platform for field crews 
when the data seemed relevant for response 
purposes. Early phase 1 lava was cool and 
contained abundant plagioclase microlites, 
indicating highly viscous lava (approximate 
bulk magma viscosity 6600 Pa:s, table S1) 
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that was likely to behave as slow-moving flows. 
Late phase 1 lava was 10° to 15°C hotter and 
had fewer microlites. The viscosity (2900 Pa-s) 
was lower, but the lava was still sluggish, and 
we anticipated the arrival of hotter and less 
viscous magma from Pu‘u ‘OO or the summit 
reservoir. The lava chemistry gave us early 
indication of hotter lava on 13 May, and we 
alerted science and field teams to the change. 
The 17 to 18 May arrival of less evolved and 
much hotter magma was indicated by bulk- 
rock MgO and CaO reaching Pu‘u ‘OO com- 
positions. Field crews were again alerted 
that the substantial compositional change 
was underway and could lead to greater ef- 
fusion of hotter, more fluid lava. Phase 2 
and 3 lavas (~1140° to 1150°C) had viscosities 
in the typical range for ‘a‘’a and pahoehoe 
(~1150 Pa:s), increasing the likelihood of faster- 
moving flows. The chemical shifts correlated 
well with deformation and seismic signals 
recorded on nearby stations, showing the 
expansion of the dike (northward movement) 
essentially leveling out around that same 
time (Fig. 3). 

A similar, if less extreme, eruptive sequence 
occurred during the 1955 LERZ eruption (24), 
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implying that future rift zone eruptions may 
start deceptively small as older, stored magma 
erupts. Once the magma pathway opens, and 
fresher, hotter magma arrives, rift zone erup- 
tions can rapidly switch to large, fast-moving 
lava flows. 

The explosive nature of fissure 17 lava was 
also consistent with its unusually evolved 
chemistry. The viscosities we calculated were 
orders of magnitude higher than for other 
units (up to ~2 x 10° Pas). 

A critical part of a volcano response is out- 
reach and communications with the public. 
HVO’s communications included geochem- 
ical information in press releases, interviews, 
and social media posts, and found an au- 
dience surprisingly interested in the seem- 
ingly esoteric questions of “new” and “old” 
magma sources and transport within Kilauea. 


Conclusion 


The 2018 eruption of Kilauea Volcano pro- 
vided an opportunity to test a rapid-response 
geochemical analysis routine developed dur- 
ing the continuous eruption at Pu‘u ‘OS. The 
effort yielded critical information for hazards 
assessment and risk mitigation during the 
eruption. The collection of this large suite 
of lava samples and rich geochemical data 
set also allowed estimates of magma compo- 
sition, mixing, temperature, viscosity, and 
travel time down the rift zone. Notably, the 
rapid-response data also proved highly suitable 
for geochemical modeling. The extremely large 
sample set that was made possible by our 
strategy filled in many gaps and allowed us to 
construct a more complete picture of the com- 
plex lava interactions. Based on the success of 
the HVO-UH Hilo geochemistry monitoring 
collaboration, other volcano observatories may 
benefit from similar efforts. 


Materials and methods 


USGS-HVO field crews collected 113 molten 
or recently solidified samples during the erup- 
tion. Samples were delivered 2 to 12 hours 
after collection to UH Hilo, where they were 
dried, given a quick petrographic overview, 
powdered, and pressed into pellets for an- 
alysis. We analyzed all samples by EDXRF 
for a limited suite of major (Ca, K, Ti, Mg) 
and trace (Rb, Sr, Zr, Y Nb) elements in the 
whole rock. The turnaround time from rock 
to data was 1 to 2 hours, and we analyzed 
most within 24 hours of field collection. We 
analyzed a subset of samples during and after 
the eruption by conventional WDXRF spec- 
troscopy for a full suite of elements. CaO and 
MgO concentrations were used as geother- 
mometers to estimate magma temperatures. 
We also determined matrix glass and pheno- 
cryst compositions by EMPA on polished thin 
sections and grain mounts from representa- 
tive samples. 
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INTRODUCTION: The 2018 flank eruption and 
summit collapse of Kilauea Volcano was one 
of the largest and most destructive volcanic 
events in Hawai'i in the past 200 years. The 
eruption occurred on the volcano’s lower East 
Rift Zone (ERZ), draining magma at a high 
rate from the summit reservoir and trigger- 
ing incremental collapse of the overlying cal- 
dera floor. Lava flows erupted for 3 months, 
destroying several residential subdivisions and 
burying miles of roads. The eruption rate ex- 
hibited cyclic behavior on multiple time scales, 
resulting in repeated lava breakouts and over- 
flows. Multidisciplinary observations provide 
insight into the nature of these variations, 
driving forces in the magmatic system, and 
implications for hazard. 


RATIONALE: Volumetric eruption rate is a pri- 
mary control on the vigor and hazard of lava 
flows, but the processes that control its tem- 
poral variations are not well understood because 
of limited observational data. We integrated 
field observations, photos and video from time- 
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Lower East Rift D 


Leilani Estates 


lapse cameras and unmanned aircraft systems, 
seismic tremor, and infrasound to track the 
time scales and magnitude of fluctuations in 
eruption rate at the primary vent for the 2018 
eruption on Kilauea’s LERZ. We combined 
these data with documentation of summit cal- 
dera collapses to investigate the origins and 
impacts of these fluctuations. 


RESULTS: Cyclic variations in eruption rate 
occurred on two disparate time scales. First, 
short-term fluctuations (“pulses”) in eruption 
vigor had periods of 5 to 10 min, but had no 
major implications for lava flow hazard. Flow 
rate in the lava channel was inversely related 
to fountaining and outgassing intensity at the 
vent. Second, long-term fluctuations (“surges”) 
had periods of 1 to 2 days and began within 
minutes of episodic caldera collapse events 
at the summit, 40 km upslope. These surges 
triggered overflows from the channel that 
produced hazardous enlargement of the lava 
flow field, which could be forecast several 
hours in advance. We also show that seismic 


Eruption rate cycles at fissure 8: 


collapses, 40 km upslope 


local to the vent 


ie lava flow field 


Fissure 8 


20km & 
20 km ‘ 
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1) Pressure-driven “surges” triggered by summit caldera 


Ue ites 


2) “Pulses” due to shallow outgassing changes, 


Unmanned aircraft systems video 


tremor and infrasound were correlated with 
lava flow eruption rates. 


CONCLUSION: We conclude that the two types 
of eruption rate cycles were controlled by 
two distinct processes. Short-term pulses 
were driven by changes in outgassing effi- 
ciency of the lava at shallow depths. Long- 
term surges in eruption rate were driven by 
pressure transients induced by the summit 
collapses and transmitted through the mag- 
ma conduit over a distance of 40 km. The 
pressure-driven surges in eruption rate dem- 
onstrate that the episodic rhythm of summit 
caldera collapse sequences may be imparted 

on the accompanying 
flank eruption. The surges 
Read the full article also help to constrain the 
at http://dx.doi. efficient hydraulic con- 
org/10.1126/ nection between Kilauea’s 
science.aay9070 summit magma system 
bist este nclstes tise ee een dena 
onstrate that pressure communication over 
distances of 40 km can occur on a time scale 
of minutes. Seismic tremor and infrasound 
may be effective proxies for lava flow erup- 
tion rates, allowing for improved tracking of 
lava flow hazards. Our multidisciplinary data 
provide a clear link between eruption rate 
fluctuations and their driving processes in 
the magmatic system. 


The list of author affiliations is available in the full article online. 
*Corresponding author. Email: mpatrick@usgs.gov 

Cite this article as M. R. Patrick et al., Science 366, 
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2018 eruption of Kilauea 
Volcano, Hawai‘i. (A) Fissure 8 
vent on 25 June 2018. (B) The 
LERZ eruption drew magma 
from the summit reservoir, 
triggering collapses of the 
caldera floor. White dotted 
line indicates the boundary 
between Kilauea and Mauna 
Loa. (C) Schematic of eruption 
rate cycles at fissure 8. 

(D) Eruption rates were 
monitored with time-lapse 
cameras and unmanned 
aircraft systems, as well as 
seismic tremor and infrasound. 


Period: 


5-10 min. 


Continuous time-lapse imagery 
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Lava flows present a recurring threat to communities on active volcanoes, and volumetric eruption rate 
is one of the primary factors controlling flow behavior and hazard. The time scales and driving forces 
of eruption rate variability, however, remain poorly understood. In 2018, a highly destructive eruption 
occurred on the lower flank of Kilauea Volcano, Hawai'i, where the primary vent exhibited substantial 
cyclic eruption rates on both short (minutes) and long (tens of hours) time scales. We used 
multiparameter data to show that the short cycles were driven by shallow outgassing, whereas longer 
cycles were pressure-driven surges in magma supply triggered by summit caldera collapse events 

40 kilometers upslope. The results provide a clear link between eruption rate fluctuations and their 


driving processes in the magmatic system. 


umerous communities have been de- 

stroyed or threatened by lava flows in 

recent decades (J-3), with recurring crises 

at volcanoes around the world, such as 

Nyiragongo (Democratic Republic of the 
Congo) (4), Piton de la Fournaise (Reunion 
Island) (5), and Etna (Sicily) (6, 7). Another 
recent episode of destruction occurred with 
the 2014-2015 eruption of Fogo (Cape Verde), 
leaving ~1000 people homeless (3). At Kilauea 
(Hawai'i), the 2018 eruption produced de- 
structive lava flows (8) and the 2014-2015 
crisis disrupted the lives of thousands of 
residents when lava stalled just short of de- 
stroying the town of Pahoa (9). The Pahoa 
crisis was just one episode of Kilauea’s long- 
lived Pu‘u ‘O% eruptions (1983 to 2018), which 
destroyed the town of Kalapana (J0). Risk 
mitigation in such crises may include evacu- 
ation of residents, removal of property, reloca- 
tion of critical infrastructure, or lava diversion 
in some cases (1). The success of this type of 
hazard response depends in large part on lava 
flow forecasting accuracy (9, 11). 

The volumetric eruption rate (effusion rate) 
is a primary factor controlling the advance rate, 
length, and coverage of lava flows (12, 13). Effu- 
sion rate is an important input into quantita- 
tive models that can then be used to forecast 
advance rates and areal coverage (14, 15). Most 
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HI 96720, USA. °U.S. Geological Survey, Alaska Volcano 
Observatory, Anchorage, AK 99508, USA. °U.S. Geological 
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established relationships between effusion rate 
and flow behavior, however, are based on 
steady-state or time-averaged rates (13). Our 
understanding of effusion rate controls on 
flow behavior is challenged by large fluctua- 
tions in the rate (J6). Furthermore, the time 
scales and driving forces of the effusion rate 
variability remain poorly understood (13). De- 
termining whether these variations are deeply 
sourced (e.g., magma supply rate changes), 
shallowly rooted (e.g., outgassing or com- 
positional changes), or result from surface 
processes (e.g., lava channel blockage) is 
often difficult (77-19). 

Kilauea Volcano has long been a focus 
for understanding lava flow behavior and 
hazards because of its history of sustained 
lava effusion (20). On 3 May 2018, eruptive 
activity began in the lower East Rift Zone 
(LERZ) (Fig. 1, A and B), ushering in the most 
destructive phase of volcanic activity in Hawaii 
in the past 200 years (8). The main flow, 
erupted from fissure 8, was exceptionally well 
monitored (8, 21). The robust observational 
dataset and accompanying geophysical sig- 
nals captured cyclic fluctuations in lava erup- 
tion rate. This provided an opportunity to 
unravel the causative processes and their 
hazard implications. 


The 2018 eruption of Kilauea Volcano 


Kilauea erupted nearly continuously from 1983 
to 2018 from vents on and near the Pu‘u ‘OO 
cone, on the volcano’s middle ERZ (J0, 22, 23). 
Lava flows, predominantly slow-moving, tube- 
fed pahoehoe, covered 144: km” of land (Fig. 1A), 
with typical recent effusion rates of 2 to 6 m? s* 
(24, 25). The eruption destroyed 215 structures 
(23). As the Pu‘u ‘OS eruption continued on 
the ERZ, a new vent opened at Kilauea’s 
summit in 2008 and persisted for the next 
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10 years, supplying a large, convecting lava 
lake (26, 27). This joint activity marked the first 
time in the 200-year historical record that 
prolonged (>1 year) eruptions were concurrent 
on Kilauea’s summit and rift zone (27). 

In March 2018, Kilauea’s magmatic system 
began to pressurize at a relatively high rate 
(8). Inflation was present at the summit and 
Pu‘u ‘O‘6, as well as along the 20-km-long 
ERZ conduit that connects these two erup- 
tion sites. Although similar previous episodes 
of inflation created new vents on or near 
Pu‘u ‘OS (9, 23), the 2018 sequence culmi- 
nated in an intrusion beginning on April 30 
that propagated down-rift (east) from Pu‘u 
‘OO into the volcano’s LERZ (Fig. 1A) and 
terminated the 35-year eruption at Pu‘u ‘O‘. 
The intrusion reached the surface and lava 
began erupting from new fissures in the 
Leilani Estates subdivision on May 3 (Fig. 1B). 
On May 27, activity focused on fissure 8, and 
lava advanced 13 km in 6 days to reach the 
ocean (Fig. 1, B and C). Fissure 8 continued 
as the dominant vent for the next 2 months. 
Preliminary estimates of effusion rate from 
the fissure 8 vent were in the range of 100 to 
300 m? s 7 (dense-rock volume, with bubbles 
removed) (28), far surpassing the typical erup- 
tion rates of the previous several decades at 
Pu‘ ‘0%. By the end of major effusion in early 
August, the LERZ eruption had destroyed >700 
structures, in addition to roadways and utility 
infrastructure. 

The 2018 LERZ eruption was supplied by 
magma from Kilauea’s summit reservoir com- 
plex and middle ERZ (8). The summit lava 
lake, active for a decade in the Halema‘uma‘u 
pit crater, drained in early May, and the floor 
of Halema‘uma‘u began to collapse in a piece- 
meal manner. Beginning in late May and con- 
tinuing into early August, broader parts of the 
caldera floor also began to collapse in large 
episodic events of several vertical meters in a 
piston-like manner, with recurrence intervals 
of 25 to 50 hours. Each collapse event released 
energy equivalent to a magnitude 5.3 earth- 
quake (8). By early August, the caldera floor 
had subsided ~550 m (Fig. 1A). 


Dual cycles of lava effusion 


Within days of its onset in late May, the fissure 
8 flow developed a stable proximal channel 
that persisted for the next 2 months. Low 
fountaining (20- to 80-m high) within the 
fissure 8 cone supplied lava to the proximal 
channel that consisted of a narrow cascading 
spillway 30-m wide and 300-m long (Fig. 1C 
and movie S1). The spillway emptied into a 
perched pahoehoe channel up to 430-m wide. 
The vigor of lava in the fissure 8 spillway 
displayed two time scales of cyclic fluctuation 
(Fig. 1C): short-term “pulses” had periods of 5 
to 10 min and long-term “surges” seemed to 
occur soon after summit collapse events. 
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Fig. 1. Setting of the 2018 eruption. (A) Map of Kilauea Volcano and the ERZ. 
Kilauea forms the southeast portion of the Island of Hawai‘i. The Pu‘u ‘O‘o 
eruption (1983 to 2018) ended at the onset of the LERZ eruption (May to 
September, 2018). Both eruptions were fed by magma supplied from the 
summit magma reservoir complex along a conduit that follows the ERZ. A 
large portion of the summit caldera floor collapsed and subsided in response 
to the LERZ eruption. White dotted line indicates the boundary between 
Kilauea and Mauna Loa. (B) Close-up of the LERZ. Fissure 8 was active for 


Pulses: short-term fluctuations 

Numerous field crews reported substantial 
fluctuations in the level, speed, and agitation 
of lava in the spillway, occurring over time 
scales of minutes. Time-lapse imagery of the 
lava level and the seismic tremor amplitude 
[as shown by its proxy, real-time seismic am- 
plitude measurement (RSAM) (29)] at nearby 
seismic station KLUD (Fig. 1B) provide de- 
tails on this pulsing behavior and highlight 
the pulsing and nonpulsing regimes of vent 
activity (Figs. 2, A to C, and 3, A to C, and 
movie 82). During nonpulsing regimes, the 
lava level had a relatively steady height (Figs. 
2A and 3B), with minor fluctuations (ampli- 
tudes of <2 m). RSAM was relatively steady 
(Fig. 3, A and B). During pulsing regimes, 
rapidly oscillating lava levels in the spillway 
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were anticorrelated with seismic tremor 
(RSAM) and infrasound energy (Fig. 3C). 
Sporadic pulsing regimes comprised 35% of 
a 10-day period of observation in July (Fig. 
3A), with durations of 1 to 18 hours (mean 
6.4 hours). 

During pulsing regimes, activity alternated 
between the lava channel and the fissure 8 
crater. When the lava level in the channel 
peaked during pulsing, an unmanned aircraft 
system (UAS) and ground-based video showed 
amore rapid flow and a more agitated surface 
(ess crust) (Figs. 2D and 4A and movie S3). 
Ground-based thermal images showed higher 
temperatures in the plume above the spillway 
(Fig. 3D), consistent with the visibly robust 
plume there and suggesting higher outgassing 
from the channel, whereas the gas plume at 
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~2 months and formed the majority of the lava flow field. KLUD is a seismic 
station. (€) Aerial image looking east, showing the proximal sections of 

the fissure 8 flow. Lava flowed through a narrow spillway that then emptied 
into a broader perched channel. Numbers 1 (island) and 2 (high rim) mark 
spots shown in (D). Photo was taken July 29, 2018. (D) Post-eruption satellite 
image of the fissure 8 vent region and proximal lava channel. Measurements 
of lava level in the channel and flow velocities were targeted at the section 
of channel between points 1 and 2. Image courtesy of Planet Labs. 


the vent was weaker and cooler, suggesting 
lower gas emission (Fig. 3D) and consistent 
with more subdued fountaining and weaker 
bubble bursts at the vent (Fig. 4A). At these 
times, RSAM and infrasound were relatively 
low (Fig. 3C). 

Conditions were reversed during troughs in 
the pulsing. During these times, the lava in 
the channel was low and sluggish and the 
channel surface was more crusted and placid 
(Figs. 2D and 4B). Fountaining in the vent 
crater was more active, with extensive bubble 
bursting and a more robust gas plume (Fig. 4B), 
and thermal images indicated higher temper- 
atures in the plume above the vent, suggest- 
ing higher outgassing there (Fig. 3D). RSAM 
and infrasound were high during these pe- 
riods (Fig. 3C). 
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A Non-pulsing regime 


C Pulsing regime (peak) 


Fig. 2. Short-term cycles in effusion rate (pulses). 
the channel during nonpulsing eruptive behavior on 


than normal, steady level. (©) During the high levels ( 


level rose several meters higher than the normal level. (D) Results from 


ground-based video of the lava channel spillway duri 


Ground-based video of the spillway was 
used to quantify flow behavior and effusion 
rates. During a representative 20-min period 
in mid-July, two pulsing cycles were recorded, 
with velocities of 4 to 5 ms‘ during low lava 
levels and 12 to 15 ms’ during high lava levels 
(Fig. 2D and movie S4). We observed a correla- 
tion (R = 0.92) between the height of the lava in 
the spillway and the velocity in that area (Fig. 
2E). On the basis of these velocity and lava 
depth results and the measured channel width 
at this location (30 m), we estimated that bulk 
effusion rates decreased to ~350 m? s”’ in the 
troughs of the pulses and reached ~1700 m? s? 
at the peaks (Fig. 2F) [see Eq. 1 in (30)]. 

We used the relationship between lava level 
and velocity (Fig. 2E) to convert 4 hours of 
time-lapse images of lava level from July 14 
(Fig. 3B) to bulk effusion rates (Fig. 5A). The 
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(A) Typical lava level in 
4 July 2018. (B) During 
the low levels (troughs) of pulsing, the level dropped several meters lower 


peaks) of pulsing, the lava 


ng pulsing regime on 


relationship with RSAM, decreasing almost 
exponentially with higher RSAM values. In- 
frasound energy was also correlated inver- 
sely with bulk effusion rate during pulsing 
(Fig. 5B). 


Surges: long-term fluctuations 


Field crews reported that fissure 8 fountaining 
and flow in the spillway seemed to increase in 
vigor (“surge”) after summit collapse events, 
which occurred with recurrence intervals of 25 
to 50 hours. These visual observations were 
supported by changes in ground tilt, RSAM, 
and infrasound at LERZ stations that occurred 
within minutes of the summit collapse events. 
For instance, during July, LERZ tremor and 
infrasound energy exhibited conspicuous peaks 
that began within minutes of the summit col- 
lapse events (Fig. 6) (30). These RSAM and in- 


effusion rate estimates had a general inverse 
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frasound peaks suggested that eruptive vigor 
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19 July 2018. Velocity and lava level fluctuate in concert. (E) Correlation 
between velocity and lava level. (F) Time series of bulk effusion rates (i.e., 
not corrected for volume of bubbles) during pulsing. Gray area shows 

the uncertainty in effusion rate estimates based on +1 m uncertainty in lava 
level in the channel. Panels (D) to (F) cover the time period of 8:10:06 to 
8:29:52 HST on 19 July 2018. 


increased in the LERZ immediately after the 
summit collapses. 

Lava-level changes in the spillway confirmed 
for us that there was a major increase in ef- 
fusion rate at fissure 8 after summit collapse 
events. For example, on July 31, the lava level 
in the spillway was relatively low and steady in 
the 2 hours before the summit collapse event 
(Fig. 7 and movie S5). Within minutes, a clear 
rise in RSAM began, reaching a broad peak 2 
to 3 hours after the event. The lava level in the 
area of the channel used for effusion rate mea- 
surements did not register a clear rise for 
~30 min, but another, more sensitive, portion 
of the channel showed a rise in lava level that 
began within ~13 min of the summit collapse 
(fig. S13). Lava levels peaked ~3 hours after the 
summit collapse event. Using ground-based 
video to convert the lava level in the time-lapse 
images to effusion rate, the estimated bulk 
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Fig. 3. Short-term cycles in eruption rates (pulses). (A) Ten days of RSAM 


showing nonpulsing behavior (white background) and 


background). Pulsing is evident by the higher variance. (B) Lava level and 


RSAM on 14 July 2018. Nonpulsing behavior is shown 
in these parameters, whereas pulsing behavior is dis 
shared variance. (C) Lava level, RSAM, and infrasoun 


effusion rates for July 31 were 300 to 500 m? s* 
before the summit collapse event, with values 
peaking at ~1400 m? s_' ~3 hours after the 
event (Fig. 7F). Three other events in late July 
to early August illustrate this pattern of in- 
creased effusion rate after summit collapse 
events (Fig. 8). In these examples, precollapse 
bulk effusion rates were 300 to 700 m® s’, 
increasing to peaks of 1400 to 1700 m? s! over 
~4 hours. The precise onset times of lava-level 
rise in these three additional examples were 
obscured by natural variations, but we can con- 
strain the onsets as occurring no later than 
20 min after the summit collapses (fig. S13) (30). 
We chose these four surge events for analysis 


pulsing behavior (pink 


by a stable trend 
tinctive with higher 
d energy on 14 July 2018, 


tions; observation was limited in part by the 
period that the time-lapse camera was opera- 
ting (30). Infrasound suggests that collapse- 
triggered surges in effusion rate were present 
as early as mid-June, if not earlier. However, 
infrasound also suggests that surging was 
absent or subdued for several weeks in early 
to mid-July despite continued summit collap- 
ses (30). 

The four surge examples from late July and 
early August indicated that the effusion rates 
we estimated showed similar trends as the 
RSAM, with both having a broad peak after 
the summit collapse events with a prolonged 
(hours long) decline toward background values. 


because of their good observational condi- 
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The RSAM and bulk effusion rate (Fig. 5C) 
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19 July 2018 


08:15 08:30 08:45 


showing the inverse relationship between RSAM (and infrasound) and lava 
level. (D) Thermal image data of the pulses on 19 July 2018. Average 
temperatures are shown in small measurement windows in the plume above 
the lava channel spillway (orange line) and the vent where fountaining 

was occurring (blue line). (E) RSAM showing peaks that correlate with high 
vent temperatures (increased fountaining vigor). 


showed a linear correlation (R = 0.80). We 
disregard the July 26 surge because of the 
presence of intense pulsations around the time 
of the surge event. A linear correlation (R = 
0.78) also existed between the bulk effusion 
rate and infrasound energy during the surges 
(Fig. 5D). 

Time-lapse imagery in the distal channel 
7.5 km from the vent recorded the down- 
stream effects of these surges (movie S6). For 
example, on August 2, a summit collapse event 
at 11:55 Hawai‘i Standard Time (HST) was fol- 
lowed ~20 min later by rising effusion rates 
at the fissure 8 vent. By 14:21 HST, a flood of 
lava was visible coming down the channel, 
triggering overflows (shown by white smoke 
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Fig. 4. UAS images of pulsing in the lava channel on 14 July 2018. (A) During the peak of pulses, the vent 
activity was subdued (low dome fountains and weak gas plume), but the upper channel (spillway) flow was faster 
and more vigorous and emitted a stronger plume. The vent pond dimensions were ~60 = 100 m. (B) During the 
trough of the pulses, the vent activity was heightened with vigorous bubble bursting and stronger gas plume, 
whereas the lava flowing in the channel was slower and more crusted. (€) One cycle of pulsing velocity from the 
UAS video. (D) Across-channel velocity profiles showing the change during a pulsing cycle. 


from vegetation fires). Rising lava levels in the 
channel between 14:40 and 19:00 HST trig- 
gered inflation of the levees and “seeps” of 
spiny lava intruded through the levee (37). 


Driving processes 
What controls short-term fluctuations (pulses)? 


The anticorrelation that we observed between 
bulk effusion rate and vent activity during 
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pulsing behavior (Figs. 2F and 4) can be ex- 
plained by variations in outgassing efficiency 
of lava at the vent. Stronger fountaining in the 
fissure 8 cone was associated with more effi- 
cient outgassing of lava at the vent, producing 
a denser, lower-volume lava flowing through 
the spillway (Fig. 4B). Weaker fountaining 
produced less efficient outgassing of lava, re- 
sulting in a bulkier, higher-volume, foamy lava 
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pouring out of the crater into the spillway. 
This gas-charged lava then outgassed some- 
what amidst the disruption of the spillway 
(Figs. 4A and 3D). 

We speculate that these fluctuations in out- 
gassing and fountaining at the vent are modu- 
lated by a “gas piston” process. Gas pistoning 
is the cyclic rise and fall of a ponded lava sur- 
face, with intense spattering accompanying 
the fall phase (32). The process has been fre- 
quently observed at Kilauea and can be ex- 
plained as the periodic growth and collapse 
of foam at the top of the lava column or lava 
lake (33). During peak lava levels of the pul- 
sing regimes, gas release and seismic tremor 
are inhibited at the vent as gas accumulates in 
a foamy layer at the top of the lava column, 
producing weak dome fountaining at the vent 
and little bubble bursting. The foamy “head” 
spills out of the crater into the channel, pro- 
ducing a gas-charged, higher-volume flow. 
Eventually, the foam at the top of the lava 
column breaks down, liberating accumulated 
gas and driving a more vigorous fountain at 
the vent with extensive bubble bursting and 
higher seismic tremor (RSAM). The lava pour- 
ing out of the crater is more efficiently out- 
gassed and has a lower bulk volume, producing 
low levels of lava in the channel. We can ex- 
plain the two regimes that fissure 8 under- 
went as a transition from periods of steady 
outgassing (nonpulsing regime) to oscillatory 
gas pistoning (pulsing regime). Similar spora- 
dic regimes of gas pistoning were commonly 
observed at Kilauea’s summit lava lake during 
2008 to 2018 (34). 

Gas pistoning is only one potential outgassing- 
driven model to explain the pulsing. A chal- 
lenge to this model is that gas pistoning is 
normally observed within a confined pond 
(32, 33), whereas the fissure 8 pond was feed- 
ing a substantial outflow. Also, foam buildup 
may be difficult to reconcile with the observed 
low fountaining and surface disruption that 
occurred in those phases of the cycles (Fig. 
4A). Regardless of the model, the data suggest 
that some type of shallow outgassing process 
local to the fissure 8 vent modulated the pul- 
sing effusion. 

Comparable short-term cycles in bulk ef- 
fusion rate were observed during the 1984 
Mauna Loa eruption and were attributed to 
a similar gas-driven process. Study of the 1984 
fountains and proximal channel showed that 
during high lava fountaining, the lava was 
outgassed more effectively, supplying lower- 
volume, denser lava to the channel and lower- 
ing the lava level without changing the lava 
mass flux (17). 

On the basis of that previous study (17), we 
speculate that the pulses at fissure 8 did not 
involve a major change in lava supply rate [i.e., 
bubble-free “dense rock equivalent” (DRE) ef- 
fusion rate]. We can investigate this idea by 
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Fig. 5. Relationship of RSAM and bulk effusion rates for two types of cycles. (A) Bulk effusion rate 
showing an inverse correlation with RSAM during short-term pulsations. (B) Relationship between bulk 
effusion rate and infrasound energy during short-term pulsing. (C) Bulk effusion rate showing a linear 
correspondence with RSAM during the longer-term surges. (D) Bulk effusion rate showing a correlation with 


infrasound energy during the longer-term surges. 


converting the bulk effusion rates to DRE ef- 
fusion rates using the vesicularities that we 
observed from lava samples collected from the 
spillway (figs. S10 and S12) (30). The measured 
vesicularity range of 50% (gas-poor lava during 
pulsing troughs) to 82% (gas-rich lava during 
pulsing peaks) reduces the wide span of ob- 
served bulk effusion rates (350 to 1700 m? s) 
(Fig. 2F) during pulsing to a narrower DRE 
effusion range (175 to 306 m? s“’). Although 
the average DRE values of peak and trough 
stages remain offset, the uncertainty in the 
bulk effusion rate values (~15%) (30) (Fig. 2F), 
combined with the likelihood that the lava 
samples may not capture the whole range of 
vesicularity of lava flowing in the channel, 
precludes confidence of a lava supply rate 
change. The exercise demonstrates that much 
of the bulk effusion rate difference could be 
accounted for by vesicularity changes from the 
variable degassing that we observed in the 
UAS video. 
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Origin of long-term fluctuations (surges) 
The short delay (minutes) between the sum- 
mit collapse events and the onset of increased 
effusion rates at fissure 8 (Figs. 7 and 8 and 
figs. S13 and S14) and the 40-km span from 
the summit to the LERZ eruption site (Fig. 1A) 
informed us about the process behind the 
surges. We inferred that the surges were driven 
by a pressure pulse transmitted down the ERZ 
conduit, not by the transport of a batch of new 
magma. The pressure transient would move 
along the 40-km-long conduit at seismic veloc- 
ities, whereas migration of the magma itself 
would require much longer time scales (hours 
or longer) (35). Although bubbles in the magma 
would reduce the seismic velocity compared 
with dense rock, the travel time in this pressure- 
driven scenario would nevertheless be tens of 
seconds (36-38). 

Although effusion rates began to increase 
within minutes of summit collapses, surge- 
driven effusion rates took ~2 to 4 hours to 
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peak (Figs. 7F and 8, D, H, and L). This delay is 
an important constraint on the process driving 
surges and might be explained by pressure 
buffering by an intermediate magma storage 
zone or zones along the ERZ conduit (39). 
Pressure buffering in a shallow reservoir was 
used to explain pressure transients that peaked 
at Pu‘u ‘OO several hours after their onset at 
the summit, 20 km away, during the recent 
years of the Pu‘ ‘0% eruption (39). 

Unlike the short-term pulses, our geophysi- 
cal and downflow observations offer evidence 
that the increase in bulk effusion rate asso- 
ciated with surges was reflective of a major 
increase in lava supply rate. The direct scal- 
ing among seismic tremor, infrasound, and 
bulk effusion rate (Fig. 5, C and D) suggested 
that an increase in fountain vigor at the vent 
(the likely driver of much of the tremor and 
infrasound) accompanied the increase in bulk 
effusion rate. This relationship was opposite to 
that of the pulses (Fig. 5, A and B), demon- 
strating a concurrent increase in fountain and 
flow activity. Downflow, the increased bulk ef- 
fusion rate associated with the surges, pro- 
duced overflows in the distal portion of the 
flow (movie S6), suggesting a large increase 
in DRE effusion rate that was sufficient to 
cause changes kilometers down the channel. 
The pulses, on the other hand, had no medial 
or distal effects, consistent with any change in 
bubble content in the near-vent channel being 
lost to outgassing rapidly with distance (17, 40). 

If we assume that the gas content of lava 
did not change greatly during the surges, then 
we can use a constant vesicularity to convert 
the observed bulk effusion rates to DREs. The 
main profile of samples from the spillway chan- 
nel walls has a mean vesicularity of 72% (SD 
4%) and we assumed this value. Applying this 
value to the bulk effusion rates during pe- 
riods before surges (mean: 548 + 126 m? s_4), 
we estimated DRE effusion rates of 153 
(+35) m? s”? for typical rates before the surges. 
Peak surge levels of bulk effusion rate were 
1400 to 1700 m® s™|, or ~400 to 500 m? s™ for 
DRE effusion rate. These DRE values during the 
surge peaks are ~100 times greater than recent 
effusion rates at Pu‘u ‘0 (24, 25) but similar 
to common Mauna Loa effusion rates (/7). 


Gas- and pressure-driven fluctuations 


The pressure- and gas-driven dichotomy for 
the fissure 8 channel bears similarity to the 
behavior of the lava lake in Halema‘uma‘u 
during Kilauea’s 2008-2018 summit eruption 
(34). In the Halema‘uma'u lava lake, short-term 
(ninutes to hours) fluctuations in the height 
of the lava surface were driven by shallow out- 
gassing, specifically gas pistoning (34, 41). 
These short-term level variations had an in- 
verse relationship with outgassing rates, RSAM, 
and infrasound, like the fissure 8 vent (Fig. 3C). 
Longer-term variations in the Halema‘umau 
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Fig. 6. Ten days of tilt, RSAM, and infrasound spanning five summit collapse events. Summit 
collapses were registered sharply at summit tilt stations [(A), UWD station]. Tilt offsets were also 
registered tens of kilometers away in the middle ERZ [(B), POO station] and LERZ [(C), JKA station]. 
During this period, the summit collapse events were followed by an increase in tremor (shown by 
peaks in RSAM) in the LERZ [(D), from station KLUD; Fig. 1B], suggesting an increase in LERZ 
eruption vigor. (E) Infrasound energy showing peaks after the summit collapses, another indicator 


of eruption escalation on the LERZ. 


lava lake level, lasting hours to days, were 
driven by magma reservoir pressure (34, 42), 
again, like the fissure 8 vent. 

This shared pattern of pressure- and gas- 
driven behavior at Halema‘uma‘u and fissure 
8 is noteworthy given the very different erup- 
tion styles and might suggest a general start- 
ing point for interpreting and forecasting 
fluctuations at open-vent basaltic voleanoes— 
short-term (minutes to hours) variations in 
eruptive behavior are likely to be driven by shal- 
low outgassing fluctuations, whereas longer- 
term (hours to days) changes are likely related 
to lava supply rates and reservoir pressure. 


Insights into caldera collapse and the 
magmatic system 


Eruption rate variations on Kilauea’s LERZ in 
2018 provided us with broader insights into 
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the volcano’s magmatic system and, more gen- 
erally, into rift-summit interactions during 
basaltic caldera-forming eruptions. Summit 
collapse-driven surges in lava supply to the 
LERZ vent bear relevance to two concepts on 
caldera collapse that have developed in recent 
decades. First, studies show that there can be 
a complex interplay between flank eruptions 
and their parental summit magma reservoirs 
(27, 43, 44). Summit reservoirs supply pres- 
surized magma to the flank vents, but the 
flank conduits regulate the rate of summit 
reservoir draining, producing a two-way 
interaction. Second, most of the caldera col- 
lapses monitored with modern instrumen- 
tation, including those at Miyakejima (Japan), 
Fernandina (Galapagos), Piton de la Fournaise 
(Reunion Island), Bardarbunga (Iceland), and 
now Kilauea, have exhibited episodic, and qua- 
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siperiodic, progression (8, 43, 45). Our results 
confirmed and extend these two concepts to 
show that the episodic rhythm of summit 
caldera collapse sequences may be imparted 
on the accompanying flank eruption, and 
this episodic flank effusion can have direct 
implications for hazard. 

The postcollapse surges at Kilauea offered 
clear evidence of an efficient hydraulic con- 
nection between the summit and ERZ (Fig. 1A). 
A sustained magmatic link between the sum- 
mit and ERZ was illustrated during the 35- 
year-long Pu‘u ‘O‘O eruption, and repeated 
observations showed that transient pressure 
increases in the summit magma reservoir pro- 
duced higher eruption rates at the Pu‘u ‘OO 
vents 20 km from the summit (42, 46). The 
postcollapse surges in 2018 demonstrated that 
transmission of pressure changes by a sub- 
horizontal magmatic conduit can be sustained 
over twice that distance, at >40 km. Although 
previous work has shown that lateral magma 
transfer can occur at distances of 40+ km (43), 
our results build upon this to show that pres- 
sure communication between the summit 
and flank vent over these distances can occur 
over time scales as short as minutes. Quantita- 
tive estimates of time-variable eruption rates 
during fissure 8 surges will be a vital compo- 
nent in future efforts to model the magma 
flow from the summit to the vent and could be 
used to constrain the properties of the ERZ 
conduit and the summit reservoir during the 
collapse events (47, 48). 


Tremor as a tool for monitoring eruption rates 


Seismic tremor has been correlated with erupt- 
ion intensity at several volcanoes and across 
different eruption styles (49-52). Reliably link- 
ing tremor amplitude with the volumetric 
eruption rate is a valuable objective for opera- 
tional monitoring and hazard assessment be- 
cause tracking tremor is much easier than 
estimating real-time effusion rates. However, 
robust comparison datasets are rare. Compli- 
cating the relationship is that tremor asso- 
ciated with basaltic volcanism is often strongly 
tied to near-surface outgassing (41, 53, 54), 
which may not be indicative of deeper magma 
supply rates. 

If we disregard short-term gas-driven changes 
(pulses) in RSAM and focus on long-term 
surges, we find a correlation (R = 0.80) be- 
tween RSAM and effusion rate (Fig. 5C). This 
trend suggests that, in some circumstances, 
tremor can be used to gauge lava supply rates 
during basaltic eruptions. We note the caveat 
that outgassing-driven fluctuations must be 
identified and disregarded. 

Infrasonic tremor has also been explored as a 
tool for monitoring volumetric eruption rates, 
primarily at explosive volcanoes (52, 55, 56). 
For the Kilauea eruption, both infrasonic and 
seismic tremor had a direct scaling with lava 
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Fig. 7. Example of a LERZ surge event after summit collapse on 31 July 2018. (A and B) Images 
of the lava channel before and after the summit collapse event showing a major increase in flow vigor 
after the event. (©) The summit collapse occurred at 08:00 HST, as shown by the tilt offset at the 
summit. (D) RSAM increased within minutes of the summit collapse event, peaking 3to 4 hours after 
the event. (E) Infrasound energy followed the trend in seismic tremor (RSAM). (F) Estimated bulk 
effusion rate from the lava-level data showing an increase of a factor of 2 to 3 after the summit 
collapse event. Gray area shows the uncertainty in effusion rate estimates based on +1 m uncertainty 


in lava level in the channel. 


supply rate (Fig. 5D) after excluding the gas- 
driven pulses (Fig. 5B). Both were largely re- 
cording activity at the vent that appears to 
scale with effusion rate. This demonstrates 
that infrasonic tremor may be a reliable tool 
for tracking eruption rates in nonexplosive 
eruptions. 


Hazard implications 


The short duration of the pulses in the 2018 
LERZ eruption of Kilauea resulted in their 
hazard being limited to the proximal region of 
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the flow. Occasional overflows were a threat to 
evacuated homes adjacent to the flow margin 
along the first kilometer of the lava channel, 
and pulsing regimes warranted greater cau- 
tion in the proximal flow region. Surges, how- 
ever, produced hazards with a farther reach, 
as shown on August 2. Then, the increased 
effusion rate caused lava to rise in the distal 
channel and overflow the levees, triggering 
new lobes extending out from the existing 
flow margins and creating hazards for nearby 
residents on Noni Farms Road and Papaya 
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Farms Road (Fig. 1B). The observation that 
the summit collapse events preceded peaks in 
effusion rate at fissure 8 allowed Hawaiian 
Volcano Observatory geologists to anticipate 
potentially hazardous conditions and warn 
Hawai‘i County Civil Defense. 

The link between effusion rate and hazard 
of an advancing flow is well established, as ef- 
fusion rate is a major control on the flow length 
and advance rate (13). The fissure 8 flow quickly 
advanced to the ocean and established a rela- 
tively stable channel that persisted for 2 months. 
Although the distal portions of the flow, nearest 
the coast, changed frequently, the remainder 
of the channel system sustained high effusion 
rates with only occasional disruptions. Disrupt- 
ions, such as channel overflows, coincided with 
the effusion rate fluctuations driven by the 
surges. Thus, whereas the absolute effusion 
rate was important for gauging hazards dur- 
ing initial flow advance, once a persistent 
channel was established, the lateral hazards 
were controlled by the variations in effusion 
rate. Overflows trigger new lobes, generating 
hazards along the flow margins; they may also 
trigger levee breaches that reduce supply at 
the flow front and lessen hazard there (/7). 


Conclusion 


The 2018 LERZ eruption of Kilauea presented 
an excellent opportunity to study the dynam- 
ics of high-effusion lava flows using modern 
tools. The sustained nature of the fissure 8 
flow allowed us to collect a robust, multi- 
disciplinary dataset to examine the diverse 
processes that drive fluctuations in flow vigor. 
The two time scales of effusion rate fluctua- 
tions corresponded to a shallow, near-vent 
outgassing process and a deeper, pressure- 
driven change originating from the episodic 
caldera-collapse events at the summit, 40 km 
distant. The hydraulic connection between the 
summit magma reservoir and the flank erup- 
tion allowed the episodic nature of summit 
collapses to be rapidly expressed as changes 
in eruption vigor on the flank. The integ- 
rated dataset, coupled with frequent direct 
observations, was essential for understand- 
ing the nature and hazard implications of 
these variations. 


Materials and methods 


U.S. Geological Survey (USGS) field crews 
were on the ground 24/7 during the eruption 
and made frequent direct observations of the 
proximal fissure 8 channel. Lava flow effusion 
rates were estimated using constraints on the 
velocity and cross-sectional area of lava flow- 
ing through the proximal channel from ground- 
based video and time-lapse images. We followed 
the technique described previously (13) to 
correct for the depth-averaged flow velocity. 
Bulk effusion rates were converted to DRE 
(bubble-free) values using the density of lava 
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Fig. 8. Other examples of LERZ surges after summit collapse events. 

(A, E, and 1) Summit ground tilt (station UWD) showing the time of summit 
collapse events. (B, F, and J) LERZ RSAM showing the increase in RSAM after 
the summit collapse events. (C, G, and K) Infrasound energy at the LERZ vent 


samples collected from the channel walls after 
the eruption ceased. We also measured varia- 
tions in channel velocity and vent activity using 
nadir-viewing UAS video. Thermal images 
were collected in short campaigns using a 
handheld thermal camera positioned 300 m 
from the vent. Seismic tremor was tracked by 
a permanent seismometer 1 km from the vent, 
and infrasound was measured by a temporary 
four-microphone array 500 m from the vent. 
Summit collapses and the ensuing deforma- 
tion changes on the ERZ were tracked with 
several electronic tiltmeters. 
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INTRODUCTION: The 2018 rift zone eruption of 
Kilauea Volcano, Hawaii, drained large volumes 
of magma from the volcano’s summit reservoir 
system, causing high-rate subsidence of the 
ground surface and withdrawal of an active lava 
lake. Over the span of 1 week, the surface of the 
lava lake fell more than 300 m. Continued with- 
drawal of magma caused the rock above the 
reservoir to fail, triggering the onset of episodic 
caldera collapse. Surface collapse began near the 
evacuated lava lake vent, but as the eruption 
continued over 3 months, the area of the new 
caldera expanded to ~5 km? and its volume grew 
to 0.8 km®. The precursory activity and subse- 
quent growth of the caldera were recorded in far 
greater detail than was possible at the handful of 
other caldera collapses observed in the past cen- 
tury. These comprehensive observations permit 
new insights into the conditions that lead to mag- 
ma reservoir host rock failure and caldera collapse. 


RATIONALE: Volcanic caldera collapses can be 
highly destructive and create prominent topo- 
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Caldera collapse at Kilauea in 2018. (A) Precollapse lava lake on 6 May 2018. The lake surface had fallen ~200 m since 
the onset of the eruption. (B) Aerial photograph looking west across Kilauea’s summit on 12 June, after the onset of 
caldera collapse. Parts of the crater floor had subsided as much as ~180 m as intact blocks. (C) Estimated magma storage 
zone that partially collapsed to form the caldera. Shown is the isosurface enclosing the region that contained magma in 


graphic features, but little is known about the 
architecture of subcaldera magma storage zones 
or the critical decrease in pressure that triggers 
collapse. Withdrawal of Kilauea’s lava lake in 
2018 can be used to gauge pressure change in 
the underlying magma reservoir. We developed a 
model of time-evolving reservoir depressurization 
to jointly explain lava lake withdrawal rate and 
the rate and spatial pattern of ground sub- 
sidence obtained from radar satellites and 
a dense local monitoring network. 


RESULTS: We tracked the evolution of the mag- 
matic system from steady elastic decompression 
to inelastic failure. We were able to estimate the 
location, geometry, volume, and time-evolving 
pressure within the reservoir as well as condi- 
tions required to trigger failure of the overlying 
crust. Before the onset of collapse, the ground at 
Kilauea’s summit was subsiding at nearly 10 cm/ 
day, and the lava lake surface was retreating at 
~50 m/day. We found that these phenomena 
were caused by drainage of magma at a high 


Magma 
storage 
zone 


12 June. 


our simulations, at 95% confidence. View is to the southeast. 
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rate from a storage reservoir centered ~2 km 
below the surface, with a volume of several 
cubic kilometers. Drainage rapidly reduced 
reservoir pressure, stressing the surrounding 
crust. Two weeks after the rift zone intrusion 
and eruption began to drain magma from the 


summit, withdrawal of 
ON OUR WEBSITE 


<4% of the stored magma 
Read the full article ad reduced pressure in 
at http://dx.doi. the reservoir by ~17 MPa, 
org/10.1126/ causing the host rock above 
science.aaz1822 it to begin to fail episodi- 
TEA eee ally. The euteodincullanes 


loaded the magma with the weight of the roof, 
increasing its pressure. The final collapse cal- 
dera was closely centered over the magma res- 
ervoir, and their horizontal dimensions were 
comparable. However, the estimated reservoir 
volume was substantially greater than the cal- 
dera volume, indicating incomplete evacuation 
at the end of the eruption. 


CONCLUSION: Our results tightly constrain the 
pressure decrease in the magma reservoir 
before the onset of collapse. Together with 
geodetic data, this bounds the magma stor- 
age volume and the stress changes needed 
to cause failure of the host rock above the res- 
ervoir. Our results demonstrate that a magma 
reservoir’s roof may begin to fail after with- 
drawal of only a small fraction of the stored 
magma. At Kilauea, this process was likely 
influenced by a relatively thin and wide res- 
ervoir roof and preexisting crustal weaknesses, 
including an established caldera ring-fault 
system and the lava lake vent. Roof collapses 
maintained magma pressure, sus- 
taining the eruption, but they did 
not (as is sometimes assumed) 
completely repressurize the res- 
ervoir. This indicates residual 
frictional strength on the collapse- 
bounding faults. The eruption was 
not terminated by complete evac- 
uation of stored magma, con- 
trary to assumptions sometimes 
made when interpreting data 
from past caldera collapses, and 
indicates that a different process 
was responsible for the cessa- 
tion of the eruption. Joint moni- 
toring of ground deformation 
and lava lake elevation at other 
volcanoes, when possible, may 
yield rich insights into magmatic 
processes and conditions. = 
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Magma reservoir failure and the onset of caldera 
collapse at Kilauea Volcano in 2018 
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Caldera-forming eruptions are among Earth’s most hazardous natural phenomena, yet the architecture 
of subcaldera magma reservoirs and the conditions that trigger collapse are poorly understood. 
Observations from the formation of a 0.8—cubic kilometer basaltic caldera at Kilauea Volcano in 2018 
included the draining of an active lava lake, which provided a window into pressure decrease in the 
reservoir. We show that failure began after <4% of magma was withdrawn from a shallow reservoir 
beneath the volcano’s summit, reducing its internal pressure by ~17 megapascals. Several cubic 
kilometers of magma were stored in the reservoir, and only a fraction was withdrawn before the end 
of the eruption. Thus, caldera formation may begin after withdrawal of only small amounts of magma 
and may end before source reservoirs are completely evacuated. 


volcanic caldera is a topographic de- 

pression formed by fault-bounded sub- 

sidence or collapse of Earth’s surface 

as magma is withdrawn from a crustal 

storage reservoir, causing the overlying 
rock to founder (1). Caldera formation can be 
triggered by magma withdrawal to feed vio- 
lent explosive eruptions or by intrusion of 
magma into surrounding rock, sometimes 
feeding long-lived effusive lava flows. Calderas 
can be prominent topographic features mea- 
suring tens of kilometers in diameter. 

Our understanding of volcanic caldera col- 
lapses has been strongly limited by a lack of 
well-documented caldera-forming eruptions. 
From 1900 to the beginning of 2018, only sev- 
en caldera collapses were clearly documented 
on Earth (2, 3), mostly with limited geophysical 
and observational networks. Even the well- 
recorded 2014-2015 collapse at Bardarbunga, 
Iceland, occurred beneath hundreds of meters 
of ice, preventing direct observation (3). 

The 825 million m? caldera collapse at 
Kilauea Volcano in 2018 was the largest at 
the volcano in more than two centuries and 
was tracked by a dense multiparametric mon- 
itoring network and through direct visual ob- 
servations. These detailed datasets record the 
transition from steady elastic subsidence to 
fault-bounded collapse as the roof of Kilauea’s 
summit reservoir failed in response to high-rate 
magma withdrawal to supply the volcano’s East 
Rift Zone (ERZ) intrusion and eruption. In this 
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study, we modeled ground deformation and 
lava lake data to infer properties of the magma 
system as it evolved toward collapse in May 
2018. The data offer direct evidence of pressure 
change in the magma reservoir and present an 
opportunity to resolve the volcano’s subcaldera 
magma storage architecture and its relation to 
collapse timing, style, and volume. 


Kilauea Volcano and the 2018 eruption 


Kilauea Volcano, on the island of Hawai‘i 
(Fig. 1), is one of the world’s most active 
volcanoes and erupted almost continuously 
from 1983 to 2018. For most of that period, 
Kilauea’s mantle-derived magma supply largely 
passed through its summit reservoir system 
before migrating subhorizontally down the 
volcano’s ERZ to erupt as lava flows ~20 km 
from the summit at or near the Pu‘u ‘O vent. 

Beginning in 2008, a lava lake was active at 
the summit of the volcano within Halema‘uma‘u 
crater; by April 2018 its surface area had 
grown to more than 40,000 m?. The lava lake 
was supplied from a shallow magma storage 
zone (here termed the Halema‘uma‘u reser- 
voir) hypothesized to exist 1 to 2 km beneath 
Kilauea’s existing summit caldera (formed in 
~1500 CE). Variations in the surface height of 
the lava lake were strongly correlated with 
ground deformation, indicating that both were 
caused by pressure changes in the underlying 
magma reservoir. Thus, Kilauea’s lava lake 
acted as a magma reservoir pressure gauge 
(4-6). 

Kilauea’s 35-year-long eruption ended spec- 
tacularly on 30 April 2018 with the intrusion 
of a dike downrift from Pu‘u ‘O'S into the 
volcano’s lower ERZ (LERZ) (7) (Fig. 1B). On 
3 May, the intrusion emerged in the Leilani 
Estates subdivision, more than 40 km from 
the volcano’s summit, ultimately erupting 
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>1 km? of lava and destroying hundreds of 
homes. The intrusion and eruption triggered 
wholesale draining of Kilauea’s magma sys- 
tem, from the middle ERZ to the summit. 
Magma drainage from the summit led to 
lava lake withdrawal and vent collapse, a 
series of explosions, and ultimately the for- 
mation of a new caldera nested within the 
larger 1500 CE caldera. Summit collapse and 
most LERZ lava effusion ended in August 2018 
after 3 months. 


Magma evacuation and the onset of 
caldera collapse 


We recorded subsidence and later collapse of 
the ground surface at Kilauea’s summit by vi- 
sual observations, continuous Global Naviga- 
tion Satellite System (GPS) stations, borehole 
tiltmeters, and interferometric synthetic aper- 
ture radar (InSAR) interferograms derived 
from satellite data (8) (Figs. 2 to 4). Variation 
in lava lake surface height was recorded by 
laser rangefinder, thermal camera imagery, 
and structure-from-motion photogrammetry 
(Figs. 3 and 4) (9). 

Before the onset of the LERZ intrusion, 
Kilauea’s lava lake had been overflowing onto 
the floor of Halema‘uma‘u crater. Deflation 
began in earnest on 2 May with subsidence 
and contraction of the ground surface and 
withdrawal of the lava lake at a rate that 
reached ~40 m/day (Fig. 3 and fig. S8). On 
4 May, an earthquake with moment magnitude 
(M,,) of 6.9 (M6.9) on the basal decollement 
between the volcanic pile and the oceanic crust 
underlying Kilauea’s south flank (7, 10) shook 
the volcano and produced long-wavelength 
extensional strain across the summit. By the 
end of the day, lake withdrawal had accel- 
erated to 53 m/day, and the ground tilt rate at 
summit instruments had more than doubled 
(8) (Fig. 4). Subsidence continued over the fol- 
lowing days in a broad, roughly circular region 
centered near the east rim of Halema‘uma‘'u at 
rates of up to nearly 10 cm/day (Fig. 2). Ground 
deformation and lava lake surface height were 
highly correlated (Fig. 3D). Before the M,, 6.9 
earthquake, we observed ~5 m of lava lake 
withdrawal for every microradian of caldera- 
directed ground tilt at station UWE [located 
near the U.S. Geological Survey (USGS) Hawaiian 
Volcano Observatory (HVO); Fig. 2], in agree- 
ment with observations made over many years 
at Kilauea (4, 5). After the earthquake, this 
ratio had decreased by ~40%. 

Rapid withdrawal of the lava lake was ac- 
companied by sporadic explosions as un- 
supported conduit wall rock fell into the 
vent (Fig. 1), gradually increasing its diameter 
(Fig. 4). By 10 May, after dropping more than 
300 m in just over a week (supplementary 
movie S1), the lava lake had disappeared 
from view and the vent was blocked by rub- 
ble. Ground subsidence continued, however, 
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Fig. 1. Kilauea Volcano and the 2018 eruption. Photos show a summit explosion on 9 May 2018, the lava 
lake as it appeared in April 2018, and the primary 2018 LERZ eruptive vent. (A) Shaded topographic map of 
the island of Hawai'i; the box shows the extent of the map in (B). (B) During the 2018 eruption, magma 
flowed >40 km underground subhorizontally from the summit (left) to the LERZ vents (right). See Fig. 2 
for an enlargement of the summit area. (€) Schematic cross section (not to scale) showing flow of 


magma from the summit to the LERZ. 


indicating ongoing depressurization, and 
HVO became concerned about failure of the 
rock above the reservoir. From 9 to 15 May, 
several M = 3 earthquakes per day shook the 
summit, and tremor [as indicated by the real- 
time seismic amplitude measurement (RSAM)] 
was recorded at very high levels. Ground cracks 
were observed near Halema‘uma'u crater on 
14 May, and by 16 May the GPS network had 
recorded total subsidence in that area of ~1 m. 

On 16 May at 18:16 Hawaii Standard Time 
(HST), abrupt inflationary (radially outward) 
ground deformation and very-long-period 
(VLP) seismic energy (My, 4.9) were recorded 
across the summit, an ashy gas plume rose to 
20,000 ft, and summit RSAM dropped pre- 
cipitously. Ground deformation and VLP ob- 
servations were similar to those previously 
caused by rockfalls into the lava lake and 
ascribed to pressurization of the shallow 
magma system (17) but were much larger in 
amplitude. They were also similar to obser- 
vations recorded during caldera collapses at 
Miyakejima (Japan) and Piton de la Fournaise 
(La Réunion) volcanoes (12-75). Eleven more 
of these events, informally termed “collapse/ 
explosions” by HVO, occurred before the end 
of the month. Satellite observations and failure 
of instruments on the crater rim indicated that 
the (now empty) lava lake vent was growing 
more rapidly (Fig. 4) and beginning to cause 
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failure outside of Halema‘uma‘'u, but broader- 
scale, fault-bounded surface collapse was not 
yet detected. Summit SO, emission rates in- 
creased by two to three times (7), but erupted 
tephra volumes were much smaller than col- 
lapse volumes. Away from the widening vent, 
the summit continued to subside between col- 
lapses in a roughly circular pattern centered on 
the caldera. 

The onset of broader-scale, clearly fault- 
bounded collapse outside of Halema‘uma‘u 
crater began in the early morning of 29 May 
with an abrupt down-dropping of the caldera 
floor around Halema‘uma‘u, approximately 
coincident with the onset of higher eruption 
rates (~150 m?/s) in the LERZ. We measured 
1.5 m of subsidence at a GPS station (NPIT) 
on the northeast rim of the crater during 
the seconds-long event, and visual obser- 
vations from HVO revealed subsidence north- 
northeast and west of Halema‘uma‘u. Away 
from the subsiding block(s), however, infla- 
tionary radially outward deformation and VLP 
seismicity were observed that were similar to 
previous events in May but with much larger 
amplitudes (Fig. 4). 

On 1 June, enabled by a marked reduction 
of Kilauea’s summit plume, an unoccupied 
aerial vehicle took the first clear photos of 
Halema‘uma‘u since mid-May. The photos 
showed major collapse and widening of the 
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vent, ~30 m of subsidence of the western floor 
of Halema‘uma‘u, and faulting and subsidence 
of the 1500 CE caldera floor more than 1 km 
northwest of the former lava lake. As more 
collapses occurred through June, the surface 
expression and area of slumping expanded 
greatly. Collapse events were roughly peri- 
odic in time (Fig. 4A), preceded by marked 
increases in earthquake rate (7), and some- 
times followed by surges in effusion rate at 
the LERZ vent ~40 km distant (J6). The final 
collapse geometry was not fully established 
until mid- to late June, with clockwise propa- 
gation of a fault scarp through the center of 
the older 1500 CE caldera. By the time the 
new caldera stopped growing in early August, 
62 collapses had occurred, producing as much 
as ~500 m of subsidence and a total collapse 
area of ~5 km”. 


Modeling lava lake and ground 
deformation data 


Our goals were to estimate the subcaldera 
magma reservoir geometry; infer the con- 
ditions under which the reservoir’s host 
rock began to fail; and evaluate how these 
parameters related to the style, location, and 
volume of subsequent caldera collapse. We 
used data from the period of near-constant 
high-rate subsidence after the M,, 6.9 earth- 
quake and preceding the first collapse event 
on 16 May (Fig. 4), which we treated as the 
effective onset of caldera collapse. Observations 
suggest that during this time, rock at the sum- 
mit responded elastically to changing stresses 
and slip on buried ring faults was minimal (8). 
We hypothesized that ground deformation 
and changes in lava lake surface height were 
generated by pressure change at constant rate 
p in a magma reservoir beneath Kilauea’s 
summit (4, 6). We constructed a model that re- 
lates p to the rate of lava lake surface height 
change, assuming a magmastatic relationship, 
and to observed ground deformation velocities 
by using a continuum-mechanical model of a 
spheroidal magma reservoir embedded in 
an elastic half-space (Fig. 5) (8). The defor- 
mation model was implemented using the 
finite element method and then employed to 
construct a fast numerical surrogate suitable 
for Markov chain Monte Carlo (MCMC) esti- 
mation (8, 17). Primary model parameters are 
shown in Fig. 5. 

We performed a joint Bayesian parameter 
estimation using the lava lake withdrawal 
rate together with GPS, ground tilt, and InSAR 
velocities (8). We also used independent in- 
formation from previous studies to constrain 
lava lake density and host rock rigidity, and 
we placed limits on the proximity of the top of 
the magma reservoir to the surface. We di- 
rectly estimated reservoir location, geometry, 
and pressure change rate, and allowed “nui- 
sance” parameters (including host rock shear 
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Fig. 2. Spatial pattern of subsidence at Kilauea’s summit in 2018. (A) Ground 
tilt overlaid on an ascending-mode COSMO-SkyMed interferogram spanning 6 to 
10 May 2018 (table S1). Colored dots show observed tilt, and black arrows show 
best-fitting tilt velocities used for modeling. Each complete InSAR color fringe 
represents 1.55 cm of displacement in the look direction of the satellite 

(T symbol, 26.6° from vertical). Small-scale irregularities in the fringe pattern are 
evident in the caldera. Background shaded digital elevation mode! (DEM) shows 


Kilauea’s summit in 2009, similar to its appearance in April 2018. (B) Observed 
GPS displacements (colored dots) and best-fitting velocities (black arrows) 
overlaid on the unwrapped interferogram from (A). An active lava lake was nested 
within Halema‘umai‘u crater, itself nested in the larger 1500 CE Kilauea caldera. 
LoS, line of sight. (©) West-east profiles of LoS COMSO-SkyMed InSAR velocities 
approximately through the center of Halema‘uma‘u crater. Profiles differ because 


modulus and magma density) to vary to ac- 
count for their uncertainties. From the MCMC 
results and additional independent informa- 
tion we computed other parameters of inter- 
est, such as the rate of magma outflow from 
the reservoir. Parameter estimates take the 
form of probability density functions (PDFs), 
which account for uncertainties in data and 
prior information. We found that model out- 
put is consistent with the withdrawal rate of 
Kilauea’s lava lake and the first-order tempo- 
ral and spatial pattern of ground deformation 
preceding caldera collapse (Fig. 6). We dis- 
cuss our modeling results and implications 
throughout the following sections. 


Location and geometry of subcaldera 
magma storage 


Magma reservoir depth, volume, and geom- 
etry play a direct role in the onset, style, and 
duration of caldera collapse (15, 18-21), but 
magma storage beneath most calderas is 
poorly understood and subject to controversy 
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(22, 23). Investigations at volcanoes that have 
hosted historic caldera-forming eruptions sug- 
gest that storage zones may be complex and 
occur over a range of depths (3, 24-28). We 
found that geodetic data preceding caldera 
collapse at Kilauea in 2018 are consistent 
with evacuation of magma from a storage 
reservoir centered at ~2 km depth just east 
of Halema‘uma‘t crater (Fig. 5 and table S82). 
The estimated magma reservoir is somewhat 
vertically elongated, as required to explain 
the observed ratio of vertical to horizontal 
displacements. The reservoir’s depth implies 
an initial (pre-eruptive) magma pressure of 
~45 MPa on the basis of the magmastatic lava 
lake relationship together with prior con- 
straint on magma density (8). To the extent 
that magma density and lithostatic density 
were similar, the open lava lake vent precludes 
large magmatic overpressures before the onset 
of the eruption (8). 

In the past two millennia, two long-lived, 
deep calderas have existed at the summit of 


6 December 2019 


of different look angles. (D) View of GPS data in (B), looking north. 


Kilauea: one from ~200 BCE to ~1000 CE, 
and the modern caldera, which formed in 
~1500 CE and began refilling in ~1800 CE (29). 
Magma storage beneath Kilauea’s 1500 CE 
caldera was inferred in the first written rec- 
ords of the volcano nearly two centuries 
ago (30) and explains subsidence associated 
with rift zone intrusions and eruptions. At 
least two persistent magma reservoirs—the 
Halema‘uma'u reservoir just east of Halem‘uma‘u 
crater and another at greater depth beneath 
the south part of the 1500 CE caldera—have 
been hypothesized on the basis of geodetic and 
other observations (6, 37-38). Several transient 
storage zones may also have existed (36), and 
VLP seismic energy frequently emitted from 
a source ~1 km beneath the northeast rim of 
Halema‘uma‘u (39) has been interpreted as 
the intersection of north- and east-trending 
dikes (11, 40). The geometries and relation- 
ships between these various magma storage 
regions have been difficult to interpret, and 
in some cases appear to change over time. 
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Fig. 3. Withdrawal of Kilauea’s lava lake in early May. (A) Thermal images of the lava lake surface taken 
from the south rim of Halema‘uma’‘u crater while the lake was draining. (B) Time series of change in lava lake 
surface height relative to 26 April, and radially outward low-pass-filtered ground tilt at UWD. Time series 
after 5 May are shown in Fig. 4. Numbers correspond to acquisition times of images in (A). (€) Photograph 
showing the lava lake on 6 May and the laser rangefinder used to measure its surface height. (D) Relationship 
between lava lake surface height and radially outward tilt (with M,, 6.9 earthquake offset approximately 
removed). At all stations, the ratio decreased by ~40% around the time of the M,, 6.9 earthquake, denoted by 
the horizontal gray line. Correlation coefficients are denoted by r. 


The reservoir location and geometry we esti- 
mate here lead us to conclude that magma 
withdrawal from the Halema‘uma'u reser- 
voir was responsible for observed ground sub- 
sidence in 2018. 

Misfits between model predictions and 
geodetic data provide additional insight into 
magma storage (Fig. 6). Our model closely fits 
lava lake withdrawal rate data but cannot ac- 
count for small-scale features observed in the 
InSAR data (fig. S7), nor can it explain the 
very-high-quality GPS data to within formal 
uncertainties. Material heterogeneity such as 
preexisting faults and altered rocks, localized 
shallow magma storage, or irregularities in the 
top of the reservoir itself may be responsible 
for these features [we scale data uncertainties 
to account for these limitations (8)]. The mod- 
el also inadequately accounts for subsidence 
observed south of the caldera. This likely re- 
flects the early stages of magma drainage from 
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Kilauea’s deeper and more enigmatic south 
caldera reservoir. Ground deformation believed 
to be due to magma evacuation from this 
reservoir increased in cumulative magnitude 
and spatial extent through June and July and 
continued after the cessation of the eruption 
(presumably as magma drained to refill the 
ERZ). However, most of the deformation during 
our modeled time period can be attributed to 
the Halema‘uma't reservoir (predicted defor- 
mation from the model reduces variance in 
modeled InSAR scenes by 93 to 96%). 


Volume of magma storage 


The volume of magma stored beneath a vol- 
cano exerts a primary control on nearly all 
aspects of volcanic activity, including limit- 
ing the size of an eruption and any possible 
caldera collapse. Yet, magma storage volumes 
are very poorly known at almost all of Earth’s 
volcanoes. Intensive study at Kilauea over 
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previous years has yielded estimates for the 
Halema‘uma‘u reservoir varying over two 
orders of magnitude [from 0.2 to >20 km? 
(6, 34, 41-44)]. 

In general, geodetic data can be used to re- 
solve the quantity Vp/u for a magma reservoir, 
where V is reservoir volume, p is pressure 
change rate, and u is host rock shear modulus, 
but not these terms independently (45). Our 
parameter estimation resolved V by using con- 
straints on pfrom the lava lake data (below) 
and on u from previous studies (6, 41). Be- 
cause p is much more tightly constrained 
than uw, we were able to resolve the ratio 
V/w2=1.3+ 0.15 m? /Pa (8) (fig. S16). This implies 
that reservoir volume should be of the same 
order as the rigidity of the host rock. The 
combination of spatially dense geodetic data 
with the finite-source model used in our study 
provided additional constraint on reservoir 
volume (45), and the maximum size of the 
reservoir was geometrically limited by its 
depth and shape (both resolved geodetically). 

We found that 2.5 to 7.2 km? of magma (at 
68% credible bounds) was stored beneath the 
summit of the volcano in the Halema‘umau 
reservoir at the beginning of May 2018. The 
upper bound should be considered only ap- 
proximate; volumes of 10 km? or even larger 
cannot strictly be ruled out by the data, par- 
ticularly if we relax a priori limits on the 
presence of magma storage at very shallow 
depths (<750 m) (8). On the other hand, 
volumes of <1 km? are improbable, because 
smaller reservoirs cannot explain the high 
rate of observed ground deformation with- 
out requiring an unreasonably weak host 
rock (pressure change rate is tightly constrained 
by the lava lake data). Precollapse storage vol- 
umes for other basaltic calderas are not well 
known, but our calculated volume is far 
smaller than that of reservoirs inferred to have 
supplied large silicic caldera-forming eruptions. 


Rate of magma depressurization and drainage 


Reservoir pressure change rate p is con- 
strained in our parameter estimation by the 
observed rate of lava lake withdrawal, the prior 
distribution on lava lake density, and the mag- 
mastatic assumption (8). Thus, 7 is insensitive 
to geodetic data and modeling. We estimated 
that pressure in the reservoir decreased at 
1.25 + 0.09 MPa/day (Fig. 5B) after the M,, 
6.9 earthquake. At this rate, pressure at the 
reservoir’s centroid would have decreased 
to atmospheric (an impossibility) by early 
June. Continuation of the eruption at a high 
rate for 3 months therefore required an in- 
crease of reservoir pressure through collapse 
of the overlying rock. This mechanism is also 
consistent with surges in effusion rate after col- 
lapses later in the eruption (J6). 

The volumetric rate of contraction V of the 
magma reservoir and the volumetric rate g 
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Fig. 4. Temporal evolution of summit deflation. (A) Radial ground tilt at UWD over the full eruption. 
Positive tilt is consistent with reservoir inflation (pressurization) and negative tilt with deflation. Collapses 
appear as small sawteeth from 16 to 26 May (nearly invisible at this scale) and as much larger sawteeth 
during broad-scale collapse (29 May and after). Time series were corrected for certain tectonic offsets. 
(B) GPS, tilt, lava lake surface height, and vent area time series indicating summit deflation from late 

April to early June 2018. Stations UWD (tilt) and UWEV (GPS) are approximately colocated (see Fig. 2 for 
station locations). Lava lake points with boxes were derived from structure-from-motion photogrammetry and 
are more uncertain. Vent area was inferred from satellite radar (ascending mode in green and descending 
mode in black) amplitude images as shown in (C); numbers on the time series correspond to these 
images. Time spans of modeled InSAR data are shown as horizontal bars and denoted with “-a” for ascending 
mode and “-d” for descending mode. The gray horizontal bar indicates the time span shown in Fig. 3. 
CSK, COSMO-SkyMed. (C) CSK radar amplitude images showing enlargement of the summit vent. Brighter 
pixels indicate higher radar reflectivity, so the vent appears black. 


at which magma exited the reservoir are im- 
portant to the timing of caldera collapse and 
the dynamics of summit draining and its 
relation with processes in the ERZ (19, 21). 
We computed V = —1.3 x 10° +0.1 m?/day 
(~15 m?/s) using estimated model param- 
eters together with a numerical model for 
the elastic compressibility of the magma 
reservoir (8). This estimate is tightly con- 
strained by the geodetic data. Combined with 
our posterior distribution for p, we found that 
each pascal of pressure reduction in the res- 
ervoir reduced its volume by ~1 m? (dV/dp = 
1.0 + 0.1 m?/Pa). Because of the rigidity of 
the host rock, the reservoir itself was con- 


tracting at only ~0.03% per day while its 
internal centroid pressure was decreasing at 
~3% per day. At shallower depths in the reser- 
voir, the relative pressure change rate would 
have been even greater. 

Because magma is compressible, the rate at 
which the reservoir contracted was likely not 
equal to the rate of magma withdrawal. 
Using our distribution for Vand independent 
constraint on compressibility (8), we esti- 
mated a net magma outflow rate q from the 
Halema‘uma‘u reservoir of 2.3 million to 
5.4 million m?/day (27 to 62 m?/s) at 68% 
credible bounds. This rate exceeds the av- 
erage supply to Kilauea from the mantle by 
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an order of magnitude (37, 46, #7) and thus 
should approximate the total rate of flow to 
the ERZ from the contracting reservoir. Add- 
ing another ~5 to 10 m?/s from the draining 
lava lake and its feeder conduit (8) yields a 
combined outflow rate of ~35 to 70 m?/s from 
the lava lake and Halema‘uma‘u reservoir. 
This is much higher than the time-averaged 
eruption rate from 3 to 18 May (7 m?/s) (48), 
indicating that summit magma was enter- 
ing the rift without erupting in order to feed 
deflation of the middle ERZ and growth of 
the LERZ intrusion. By June, after the onset 
of collapse events, LERZ eruption rates had 
increased by at least an order of magnitude 
(7), and the time-averaged rate of caldera col- 
lapse was ~two to five times larger than our 
estimated magma outflow rate. These obser- 
vations strongly suggest a large increase in 
magma withdrawal rate from the summit in 
association with caldera collapse. 


Reservoir failure thresholds 


Placing bounds on the thresholds at which 
magma reservoirs begin to fail is important for 
determining the collapse hazard of an ongoing 
eruption (49), interpreting the geological rec- 
ord, and understanding the mechanical pro- 
cesses that lead to caldera collapse. Reservoir 
failure is triggered by stresses imparted to the 
host rock by changes in internal pressure. 
Kilauea’s lava lake provided a window into 
changing magma system pressure but dis- 
appeared from view ~1 week before the first 
collapse event. However, by assuming that 
pressure continued to decrease at rate p 
between the end of the modeled time period 
(14 May) and the first collapse (16 May), as 
suggested to first order by geodetic data, we 
estimated a pressure change at failure Ap; = 
-17.2 + 1.1 MPa (8). 

We also used tilt data as a direct empirical 
proxy for pressure change, using the scaling 
relationship established while the lava lake 
was active (at UWD, 0.078 + 0.006 MPa per 
microradian of radial tilt). This approach 
does not rely on any model except for the 
magmastatic relationship used to establish 
the scaling ratio, nor does it require an as- 
sumption of constant rates, but it can be 
affected by ground deformation caused by 
processes other than reservoir pressure change. 
We used this approach to estimate pressure 
changes after 16 May under the assumption 
that ground tilt during collapse events was 
caused entirely by changes in reservoir pressure 
[this likely overestimates pressure changes 
somewhat owing to faulting processes (50)]. 
With this approach, we obtained pressure 
changes of ~17.8 and ~25.0 MPa immedi- 
ately before the first collapse event on 16 May 
(similar to the model-based results) and the 
first broad-scale collapse on 29 May, respec- 
tively (Fig. 7 and fig. S10) (8). These estimates 
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Fig. 5. Model geometry and estimated parameters. (A) Conceptual model geometry including instruments 
that recorded observations used in this study. The reservoir centroid is shown for simplicity directly 
beneath the lava lake, but this is not required in our model. (B) Marginal posterior PDFs of primary estimated 
model parameters (8), excluding “nuisance” parameters associated with data uncertainties (fig. S17). East 
and north positions are relative to 19.4073°N, 155.2784°W (the east rim of precollapse Halema‘uma‘u crater), 


and depth is approximately relative to the volcano’s s 


imply a relative pressure reduction exceeding 
30% at the reservoir’s centroid by 16 May. 
They can also be related to shear stresses in 
the host rock, although the conditions re- 
quired to trigger failure are complex and 
poorly understood. Using simple geometrical 
arguments, we computed the shear stress that 
the deflating reservoir imparted to an overly- 
ing cylindrical ring fault and estimated a stress 
change of between ~8 and 13 MPa (8, 18). 
Although it is pressure changes that trigger 
collapse, due to the lack of observations at 
natural systems failure criteria are more typi- 
cally formulated in terms of volume changes. 
Reservoir volume change may be tracked nearly 
in real-time using geodetic data, and erupted 
volume may be tracked directly or with geo- 
physical observations. We defined critical frac- 
tions Varin = —AV;/V and fait = —Ags/V (9), 
where AV; and Aq, are the reservoir volume 
change and total magma extraction volume at 
the time of failure, respectively. To estimate 
AV;, we scaled the model-based estimate of 
Ap; at the first collapse by the ratio dV/dp 
obtained from the Bayesian estimation results. 
Because dV/dp = 1, the magnitudes of pressure 
and volume changes were comparable. Scaling 
by reservoir volume yielded V,,,;, = 0.27 to 0.66%, 
and further scaling by system compressibility 
yielded fxit = 0.68 to 2.2%, both at 68% cre- 


ummit. 


concluded that <3.5% of magma was evacuated 
before the onset of collapse at Kilauea. 


Geometry of the roof block 


The aspect ratio of the roof block above a 
magma reservoir (Fig. 8, C and D) influences 
not only the timing of collapse onset but also 
its subsequent structural development and 
style (20, 51, 52). In general, low-aspect roof 
blocks [R, < 1, where R, is the thickness T of 
the crust above the magma reservoir divided 
by the reservoir diameter D (52)] tend to favor 
a central coherent collapse “piston” bounded 
by reverse faults, whereas high-aspect (R, > 1) 
blocks favor incoherent subsidence through 
migration of fractures upward from the res- 
ervoir. However, observational constraints on 
R, from real-world caldera collapses are lim- 
ited, owing to poor knowledge of the geometry 
of subcaldera magma reservoirs. Caldera diam- 
eter must generally be used as a proxy for 
reservoir diameter and roof thickness inferred 
roughly from geological or geophysical data 
(18, 19, 53, 54). 

The set of finite-source geodetic models 
derived from our MCMC analysis allowed us 
to estimate R,. Taking T to be the distance 
between the surface and the top depth of 
each magma reservoir in the posterior prob- 
ability distribution, we found that the roof 


dible bounds (table $2). At 95% confidence, we 
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block at Kilauea was thin and wide, with R, = 
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0.4 (Fig. 8). R, would be smaller if we were to 
relax our minimum reservoir top depth (8) but 
would be larger if we measured height from a 
point other than its very top. Small reservoirs 
from our probability distribution yield aspect 
ratios closer to 1, but in general R, > 1 appears 
unlikely. 


Reservoir evacuation and the end of the eruption 


It is often assumed that caldera-forming erup- 
tions are terminated by the near-complete evac- 
uation of their source reservoirs (3, 49, 54, 55), 
as suggested by some models (56) and perhaps 
indicated by long repose periods after some 
collapses (55). This hypothesis has implications 
for hazards during ongoing eruptions. It also 
allows for interpreting data from past events 
because it implies that erupted volume is 
approximately equal to reservoir volume. Al- 
though there is evidence that this assumption 
may not be valid (20, 56), it has been difficult 
to evaluate because of limited knowledge of 
subcaldera magma reservoir volumes. 
Taking the total 2018 summit collapse vol- 
ume (7) as a proxy for the total volume 
change of the shallow reservoir during the 
eruption, we used our posterior PDF for res- 
ervoir volume to estimate that only 11 to 33% 
of Kilauea’s shallow magma reservoir was 
evacuated by the end of the eruption. The 
probability of complete drainage is very small; 
we estimated <5% probability that even half of 
the reservoir was drained (Fig. 8). This infer- 
ence is consistent with the relative constancy 
of collapse-related geophysical signals from 
June to August (7), which might have changed 
in character if the reservoir had neared com- 
plete evacuation, and also with the post- 
eruptive return of episodic days-long ground 
deformation cycles at the summit, which are 
believed to be caused by pressure perturba- 
tions in the shallow magma reservoir (6). Our 
results suggest caution in assuming that mag- 
ma reservoirs (at least basaltic ones) fully 
evacuate during caldera-forming eruptions. 


Discussion 


Caldera collapse at Kilauea in 2018 was caused 
by high-rate magma evacuation from a roughly 
equant storage zone of several cubic kilometers 
at shallow depth (~2 km), centered just east of 
the former Halema‘uma‘u crater. Many previ- 
ous studies have inferred magma storage in 
this area, but 2018 data provide new insights. 
Our simple geodetic model cannot account 
for magma withdrawal from other reservoirs 
or the fine-scale topology of magma storage 
[for instance, we likely cannot rule out mag- 
ma stored in a broad plexus of interconnected 
magma-filled cracks (57) with similar magma 
volume], but it well explains the observed 
overall spatial pattern of ground deforma- 
tion. Likewise, the rate of magma system de- 
pressurization estimated by our model can 
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Fig. 6. Fit of model to observations. Shown are predictions from the mean of the posterior distribution. We 
do not show lava lake data, which the model is able to fit “exactly” (to within an arbitrary precision). 

(A) Sentinel-1 ascending- and descending-mode interferograms (see fig. S15 for COSMO-SkyMed). The 
variance of the InSAR data is reduced by more than 95% after subtracting model predictions. Residuals in 
and south of the caldera do remain (the images in the rightmost column have a different color scale to 
highlight these effects). (B) Vertical GPS velocities. (C) Horizontal GPS velocities. Formal 95% data 
uncertainty ellipses are shown but are too small to be easily visible; in the estimation, these uncertainties are 
scaled using data-weighting hyperparameters (8). (D) Ground tilt rates. 
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Fig. 7. Pressure change in the magma reservoir. (A) Time series of reservoir pressure change derived from 
scaled tilt at UWD. The time span is similar to that in Fig. 4. Uncertainties are due to lava lake density 
and the lake-tilt ratio (Fig. 3). Certain offsets not apparently related to magmatic processes were removed 
from UWD tilt data. (B) Marginal distributions for pressure change immediately preceding the first 
collapse (16 May) and the first large collapse (29 May). We combined marginal distributions for tiltmeters 
UWD, UWE, SDH, and SMC to produce the distribution in (€). 
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explain the observed rate of lava lake with- 
drawal and ground deformation. 

When did caldera collapse begin? Seismicity 
after the M,, 6.9 earthquake might have in- 
dicated the early stages of caldera-fault prop- 
agation at depth (58), but there appeared to be 
relatively little effect on surface deformation 
during the first half of May (8), and there was 
no geophysical evidence for collapse of rock 
into the deeper magmatic system. Quasi- 
periodic VLP seismic and geodetic signals re- 
corded from 16 to 26 May were associated 
with vent widening, volume loss, and ejection 
of ash, but not surface faulting over a broad 
area. Yet, INSAR data from this time showed 
a more complex deformation pattern in 
the caldera than that present earlier in the 
month, suggestive of the early-stage surface 
expression of slip on buried caldera faults. 
Furthermore, geophysical signals were sim- 
ilar to those recorded during caldera col- 
lapses at other volcanoes and at Kilauea after 
29 May, when broadscale collapse was vi- 
sually observed. Thus, the events of 16 to 
26 May were evidently related to collapse 
of rock into the magmatic system, although 
the extent to which these collapses occurred 
into the lava lake feeder conduit and/or 
shallow dike-like storage bodies, as opposed 
to the Halema‘uma'u reservoir, remains an 
open question. Also unclear is the extent to 
which any propagation of buried caldera 
faults during this time related to geophysical 
observations. Nonetheless, we conclude that 
caldera collapse effectively began on 16 May, 
accelerated and enlarged on 29 May (when 
we were able to closely tie visual observations 
of broader-scale collapse to geophysical sig- 
nals), and did not reach its full surface ex- 
pression until late June. 

The critical thresholds required for caldera 
collapse are thought to be controlled by many 
factors, including the shape (aspect ratio) of 
the roof rock above the reservoir (18, 19); ex- 
solved magmatic volatiles, which buffer pres- 
sure drop due to magma extraction (56, 59, 60); 
and preexisting faults and weaknesses (49). 
At Kilauea, the 2018 collapse occurred with- 
in an older, larger caldera and, in some areas, 
appeared to proceed along preexisting faults. 
We speculate that both the empty lava lake 
vent and the relatively thin and wide roof 
block might have promoted failure (78, 19). 
It is also possible that, at shallow depths, the 
retreating magma surface could have encoun- 
tered a flared conduit geometry, leading to 
instability. An open question is how critical 
failure thresholds might differ between small 
nested-caldera basaltic systems, such as Kilauea, 
and large silicic systems. 

Caldera collapse began at Kilauea after the 
elastic reservoir had contracted only very 
slightly (Vrit < 1.1%), caused by withdrawal of 
only avery small fraction of its stored magma 
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Fig. 8. Probabilistic magma storage in the Halema‘uma‘u reservoir beneath Kilauea’s summit. 
Contours and shading indicate estimated probability of magma storage based on the range of model 
geometries inferred in the parameter estimation (8). (A and B) Results for a horizontal slice near the 
reservoir centroid at 2 km depth. (C) Probability along an east-west slice at the reservoir centroid. Model 
depths are converted to vertical elevations using the approximate mean geodetic observation elevation 
[1100 m above sea level (asl)]. Colors indicate relative probability (red, more likely; blue and white, less 
likely). Red circles show geometry predicted by the median of the posterior distribution. Shaded DEMs in (A) 
and (B) show the summit as it appeared before and after the 2018 caldera collapse, respectively. The 
dashed rectangle above the storage zone in (C) shows the rough geometry of the roof block. The bulk of 
magma was stored below sea level and the subaerial ERZ vents (Fig. 1). (D) Posterior PDFs of roof 

aspect ratio and the probability of complete reservoir evacuation given the observed caldera collapse volume, 


along with complementary cumulative distribution. 


(frit < 4%). Geological observations and mod- 
els have suggested that f.,i, may range from 
<10% to >90% (18, 19), but direct evidence has 
been lacking (note that many studies do not 
distinguish between V,,;, and ferit, Which 
are equal only if magma is incompressible). 
Geophysical observations from basaltic col- 
lapses at Piton de la Fournaise, Fernandina 
(Galapagos), Miyakejima, and Bardarbunga 
volcanoes yielded f,,i, of ~8 to 20%, in some 
cases much lower than values suggested by 
analog models (3, 49) but still much higher 
than we found for Kilauea. Although it is 
possible that collapse began unusually quickly 
at Kilauea, these previous estimates had to rely 
on assumptions that the volumes of initial col- 
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lapse events were comparable to precollapse 
magma withdrawal volumes and that erup- 
tions completely drained their magma reser- 
voirs (3, 49, 54). As we have shown here, these 
assumptions are not always valid and could 
lead to a substantial overestimation of forit- 
These discrepancies indicate that calderas may 
fail more quickly than previously understood. 
Although it is changes in magma pressure 
that drive host rock failure and caldera col- 
lapse, robust estimates of precollapse pres- 
sure changes have previously been unavailable. 
Magma extraction volumes are far more read- 
ily measured in nature but are only relevant 
to collapse to the extent that they influence 
reservoir pressure (an effect modulated by the 
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compressibility of magma in the reservoir). 
Data from Kilauea allowed us to move beyond 
reliance on fii, and directly estimate precol- 
lapse pressure change. Knowledge of the pres- 
sure change makes it possible to compute 
stress changes on the roof block and thus tie 
the observations to the failure process. 

Once failure began, episodic roof block 
collapse transferred the load of the overlying 
rock to the magma, increasing its pressure. 
This process may explain similar episodic 
geophysical observations at other basaltic 
caldera collapses (14, 15, 61). By using ground 
tilt as a proxy for reservoir pressure change, 
we estimated that inflationary deformation 
during the first collapse event on 16 May 
was caused by a pressure increase of ~1.3 MPa 
in the reservoir, only a fraction of the pre- 
ceding deflation. Because reservoir pressure 
was likely near lithostatic at the onset of the 
eruption, this result indicates incomplete re- 
pressurization of the reservoir after the onset 
of collapse and implies residual frictional 
strength on the walls of the collapsing block(s) 
such that the weight of the roof was not entirely 
supported by the magma. This finding stands 
in contrast to assumptions that roof collapses 
reestablish lithostatic pressure in the reservoir 
(56, 59) but supports the results of some nu- 
merical models (62). 

The surface expression of caldera collapse 
was complex, asymmetric, and evolving, con- 
sisting of funnel-like gravitational failure 
into the evacuated lava lake vent and piston- 
like slumping of coherent blocks as large as 
~150 ha, in some cases clearly bounded by 
preexisting faults. Taken as a whole, these 
events were consistent with collapse of roof 
rock into a shallow reservoir, governed not 
only by the aspect ratio of the roof but also 
by preexisting caldera faults and structural 
weaknesses, and possibly shallow unmodeled 
magma storage [e.g., (11, 63)]. These obser- 
vations are consistent with geological inves- 
tigations and numerical experiments that 
demonstrate the complex diversity of collapse 
styles that can occur during caldera forma- 
tion (51, 64). 

The location and lateral extent of magma 
storage inferred from our model are similar to 
the final geometry of the 2018 caldera collapse 
(Fig. 8). To first order, the relationship be- 
tween the range of plausible reservoir geom- 
etries and observed caldera dimensions 
favors primary collapse faults ranging from 
near-vertical to inward dipping. Results in- 
dicate that the shallow subcaldera magma 
storage system spanned only a portion of 
the caldera in existence from 1500 CE to the 
present. The larger magma storage body re- 
quired to explain the 1500 CE collapse may 
have been partially destroyed then or in a 
subsequent event (such as a large collapse 
that occurred at the volcano in 1868) or may 
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have involved failure of deeper parts of the 
summit magma system. 


Globally, lava lakes are rare. Where they do 


exist, close observation during magma drain- 
ing events may bear rich dividends, particu- 
larly if relayed in real time. Some of the data 
used in this study were evaluated in rapid- 
response mode internally by the USGS during 
the eruption with a preliminary form of our 
model. Resulting parameter estimates were 
used to better understand the possible course 
of the eruption and guided our thinking about 
hazards as the eruption progressed, highlight- 
ing the importance of near-real-time data and 
modeling capabilities at the world’s volcano 
observatories. 


Outlook 


Despite insights into volcanic calderas afforded 
over the past two decades by well-documented 
collapses at Miyakejima, Piton de la Fournaise, 
and Bardarbunga volcanoes, the conditions 
that trigger the onset of collapse remain only 
poorly understood. Draining of Kilauea’s sum- 
mit lava lake in 2018 yielded a window into 
changing pressure in the volcano’s shallow 
magma reservoir. We tracked the evolution of 
the magmatic system as it underwent steady 
high-rate elastic decompression due to magma 
withdrawal, followed by episodic fault-bounded 
caldera collapse. We were able to quantify the 
changing pressure in the reservoir, which, 
together with geodetic data, made it possible 
to estimate the volume of magma storage and 
the critical thresholds that preceded the on- 
set of collapse. Caldera collapse began due to 
a relatively large decrease in the magma res- 
ervoir’s internal pressure caused by withdrawal 
of only a small fraction of stored magma. Epi- 
sodic fault-bounded subsidence of the roof 
block above the reservoir increased magma 
pressure, sustaining the flow of magma and 
thus representing a critical turning point in 
the evolution of the eruption. 
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INTRODUCTION: A major goal of HIV-1 vaccine 
development is the design of immunogens 
that induce broadly neutralizing antibodies 
(bnAbs). However, vaccination of humans 
has not resulted in the induction of affinity- 
matured and potent HIV-1 bnAbs. To devise 
effective vaccine strategies, we previously de- 
termined the maturation pathway of select 
HIV-1 bnAbs from acute infection through 
neutralizing antibody development. During 
their evolution, bnAbs acquire an abundance 
of improbable amino acid substitutions as 
a result of nucleotide mutations at variable 
region sequences rarely targeted by activation- 
induced cytidine deaminase, the enzyme re- 
sponsible for antibody mutation. A subset 


of improbable mutations is essential for 
broad neutralization activity, and their ac- 
quisition represents a key roadblock to bnAb 
development. 


RATIONALE: Current bnAb lineage-based vac- 
cine strategies can initiate bnAb lineage de- 
velopment in animal models but have not 
specifically elicited the improbable muta- 
tions required for neutralization breadth. In- 
duction of bnAbs requires vaccine strategies 
that specifically engage bnAb precursors 
and subsequently select for improbable mu- 
tations required for broadly neutralizing 
activity. We hypothesized that vaccination 
with immunogens that bind with moderate 
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HIV-1 envelope 
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binding mode to HIV-1 envelope 
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ww 
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Overcoming somatic mutation roadblocks to advance broadly neutralizing HIV-1 antibody (bnAb) 
development. Vaccination of animal models with engineered HIV-1 immunogens generated antibodies that 
acquired functional improbable mutations critical for virus neutralization. The lack of envelope selection 

of improbable mutations is a roadblock for bnAb development. Vaccine-elicited antibodies exhibited 
neutralization activity similar to that of intermediate-stage bnAbs. Structural studies showed a vaccine- 
elicited neutralizing antibody bound to HIV-1 envelope in a manner similar to that of a mature bnAb. 
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to high affinity to bnAb B cell precursors, 
and with higher affinity to precursors that 
have acquired improbable mutations, could 
initiate bnAb B cell lineages and select for 
key improbable mutations required for bnAb 
development. 


RESULTS: We elicited serum neutralizing HIV-1 
antibodies in human bnAb precursor knock- 
in mice and wild-type macaques vaccinated 
with immunogens designed to select for im- 
probable mutations. We designed two HIV-1 
envelope immunogens that bound precur- 
sor B cells of either a CD4 binding site or 
V3-glycan bnAb lineage. In vitro, these im- 
munogens bound more strongly to bnAb pre- 
cursors once the precursor acquired the desired 
improbable mutations. Vaccination of macaques 
with the CD4 binding site-targeting immuno- 

gen induced CD4 binding 
site serum neutralizing 
Read the full article antibodies. Antibody se- 
at http://dx.doi. quences elicited in human 
org/10.1126/ bnAb precursor knock-in 
science.aay7199 mice encoded functional 
sUisreasitidtnsdiecnncnnan jrapacbable tatiiatione eit: 
ical for bnAb development. In bnAb precursor 
knock-in mice, we isolated a vaccine-elicited 
monoclonal antibody bearing functional im- 
probable mutations that was capable of neutral- 
izing multiple HIV-1 global isolates. Structures 
of a bnAb precursor, a bnAb, and the vaccine- 
elicited antibody revealed the precise roles 
that acquired improbable mutations played 
in recognizing the HIV-1 envelope. Thus, our 
immunogens elicited antibody responses in 
macaques and knock-in mice that exhibited 
the mutational patterns, structural character- 
istics, or neutralization profiles of nascent 
broadly neutralizing antibodies. 


CONCLUSION: Our study represents a proof of 
concept for targeted selection of improbable 
mutations to guide antibody affinity matu- 
ration. Moreover, this study demonstrates a 
rational strategy for sequential immunogen 
design to circumvent the difficult roadblocks 
in HIV-1 bnAb induction by vaccination. We 
show that immunogens should exhibit differ- 
ences in affinity across antibody maturation 
stages where improbable mutations are nec- 
essary for the desired antibody function. This 
strategy of selection of specific antibody nu- 
cleotides by immunogen design can be applied 
to B cell lineages targeting other pathogens 
where guided affinity maturation is needed 
for a protective antibody response. 
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he design of immunogens to direct anti- 
body maturation is a major goal for 
vaccine development. One roadblock 
preventing HIV-1 vaccine design is the 
need for broadly neutralizing antibodies 
(bnAbs) to acquire somatic mutations rarely 
made by activation-induced cytidine deam- 
inase (AID). We designed immunogens that 
bind with higher affinity to antibodies with 
improbable mutations compared to unmutated 
precursor antibodies. In knock-in mice, such 
immunogens engaged unmutated bnAb pre- 
cursors, selected for functional improbable 
mutations, and induced neutralizing anti- 
bodies. Structural studies revealed how bnAb 
precursors interact with the envelope pro- 
tein (Env) and the functions of the elicited 
improbable mutations. In macaques, the CD4 
binding site-targeting immunogen induced 
potent CD4 binding site-neutralizing anti- 
bodies. Our immunogen design strategy may 
allow for the delineation of sequential immuno- 
gens to direct bnAb development for HIV-1. 
To date, HIV-1 vaccination has not resulted 
in the induction of high titers of potent HIV-1 
broadly neutralizing antibodies (bnAbs) (/, 2). 
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bnAbs are disfavored by immune tolerance 
mechanisms because of their unusually long 
complementarity-determining regions (CDRs), 
autoreactivity, and polyreactivity (3, 4). In 
addition, bnAbs have high frequencies of 
somatic mutation resulting from extended 
rounds of affinity maturation (5-7). Antibody 
somatic mutation is mediated by activation- 
induced cytidine deaminase (AID), the enzyme 
that deaminates cytidine to uridine and can 
lead to nucleotide substitution during DNA 
repair (8). As a result of the preferential target- 
ing of AID to specific sequence motifs, muta- 
bility varies greatly among positions within an 
antibody sequence (9). We recently used the 
computational program Antigen Receptor Mu- 
tation Analyzer for Detection of Low-likelihood 
Occurrences (ARMADiLLO) to determine that 
bnAbs are enriched for somatic mutations that 
occur at variable region sequences not rou- 
tinely targeted by AID or that require multiple 
changes to the germline codon (10). A subset of 
these improbable mutations are required for 
broad neutralization activity and therefore rep- 
resent key roadblocks for the development of 
bnAbs (10-12). These obstacles have led to the 
hypothesis that vaccine strategies are needed 
that direct the immune system to expand B cell 
lineages that are usually rare and select for 
disfavored antibody traits (4). At the founda- 
tion of this vaccine strategy is the specific 
engagement of germline precursors of neutral- 
izing antibodies and the selection of improb- 
able mutations by strong antigenic selection 
(0, 11, 13). Recent studies have reported var- 
iable results in induction of V3-glycan bnAb 
B cell lineage precursors, either starting from 
mutated precursors (J4) or induction of pre- 
cursors in macaques (15); however, to date, there 
are no reports of vaccination specifically elicit- 
ing improbable mutations above the frequency 
with which they would be expected to occur 
in the absence of selection (JO, 17). Learning the 
rules to precisely select for specific antibody 
somatic mutations would improve the design 
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of vaccines or therapeutics for infectious dis- 
eases, autoimmunity, inflammatory diseases, 
and malignant diseases (J6, 17). 

One of the major bnAb epitopes on HIV-1 
Env is the V3-glycan site, which consists of 
the base of the third variable (V3) loop and 
surrounding glycans (18-27). The DH270 bnAb 
B cell lineage, isolated from an HIV-infected 
individual, targets the V3-glycan epitope on 
HIV-1 Env (78). We computationally inferred 
the clonal history of the DH270 lineage, in- 
cluding the naive B cell V(D)J rearrangement 
of the DH270 lineage termed the unmutated 
common ancestor (UCA) (J8). The computa- 
tional reconstruction of the DH270 lineage 
showed that the lineage initially progressed 
from the UCA precursor antibody to an early 
intermediate antibody (IA) designated DH270 
1A4 (78). This initial affinity maturation step 
for the DH270 lineage included the acquisi- 
tion of four amino acid changes [Gly” — Asp, 
Met** = Ile, Ser®’ — Thr, and Gly” > Arg 
(G57R)] and one amino acid change [Ser”” > 
Tyr (S27Y)] in the heavy and light chain var- 
iable regions, respectively (78). The DH270 [A4 
antibody bearing these mutations had the 
ability to neutralize a subset of HIV-1 isolates 
representative of the globally circulating virus 
population (heterologous viruses) (18). Two of 
the five amino acid changes in DH270 IA4: were 
the result of mutations at AID hot spots, and 
their acquisition did not contribute to heter- 
ologous HIV-1 neutralization (78). In contrast, 
the G57R amino acid change alone is sufficient 
for heterologous HIV-1 neutralization and is 
the result of a nucleotide mutation within a dis- 
favored AID cold spot, making its acquisition 
highly improbable (0, 18). Thus, immunogens 
are needed that can specifically select for the 
G57R amino acid change in order for vaccines to 
elicit DH270-like V3-glycan antibody responses. 

The CD4 binding site bnAb lineage CH235 
was isolated from the CH505 HIV-1-infected 
individual (22). Unlike most potent CD4 bind- 
ing site bnAbs that mimic CD4, the CH235 
lineage does not require difficult-to-elicit in- 
sertions or deletions for broad neutralization 
(22, 23). Instead, the most potent bnAbs in 
the CH235 lineage had many improbable 
mutations, which suggested that the primary 
obstacle in CH235 lineage development is ac- 
cumulation of improbable mutations (0). When 
the CH235 clonal lineage was reconstructed, 
a key early improbable functional mutation, 
Lys’? — Thr (K19T) in the heavy chain var- 
iable region, was identified. The K19T amino 
acid change improved binding to Env by the 
CH235 bnAb precursor and was necessary for 
neutralization of HIV-1 by CH235 bnAbs (J0). 
The generation of an immunogen capable of 
eliciting the KI9T change would overcome 
the first roadblock in the development of the 
CH235 lineage, and it could be applicable to 
other antibodies in the CH235 (also called 
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8ANC131) bnAb class because they all encode 
KI9T changes as well. 

Here, we designed immunogens that select 
for specific functional improbable nucleotide 
mutations required for bnAb development, thus 
demonstrating proof-of-concept for directing 
DH270 V3-glycan and CH235 bnAb B cell lin- 
eage affinity maturation. These immunogens 
for two different bnAb lineages can overcome 
the two initial roadblocks—engagement of the 
bnAb precursor and selection of functional im- 
probable mutations—and are key components 
of a sequential HIV-1 vaccine regimen. 


Engagement of V3-glycan bnAb precursor 
B cell receptors 


We previously determined that recombinant 
HIV-1 Env gp120s produced from sequences 
isolated from the HIV-1-infected individual 
who developed the DH270 bnAb lineage were 
incapable of binding to the UCA (78). Com- 
putational modeling of the structure of the 
bnAb DH270.6, the most potent DH270 bnAb 
lineage member, when bound to trimeric Env 
showed steric hindrance by an N-linked gly- 
can present at amino acid 137 in the first var- 
iable region (V1) of HIV-1 Env (fig. S1A). Using 
an autologous Env from CH848, we removed 
glycosylation sites near position 137—the Asn’ 
and Asn’* (N133 and N138) glycans. The 
DH270 UCA neutralized the CH848.D949.10.17 
virus with the N133 and N138 glycans removed 
(fig. SIC; 50% inhibitory concentration ICs9 = 
1.7 ug/ml), but the same virus with the glycans 
present was not neutralized (Fig. 1A). Remov- 
ing the V1 glycans from JR-FL was not suffi- 
cient for DH270 UCA neutralization sensitivity 
(fig. SIB). This difference in neutralization sen- 
sitivity between JR-FL lacking V1 glycans and 
CH848 10.17 lacking V1 glycans indicated that 
V1 glycan removal alone was not sufficient for 
making all viruses sensitive to DH270 UCA 
neutralization (fig. SIB). 

For immunizations, soluble, well-folded CH848 
gp140 SOSIP Env trimers with (10.17) and 
without (10.17DT) the N133 and N138 glycans 
present were produced (fig. SIC and figs. S2 to 
S4). We initially generated stabilized SOSIPs 
using three different published strategies 
(24-26) but found them to have very similar 
trimer conformation and antigenicity (fig. S2). 
We selected the SOSIPv4.1 version with the 
lowest non-neutralizing antibody binding for 
further study. The CH848 10.17DT Env trimer 
bound to the DH270 UCA antigen-binding 
fragment (Fab) with an equilibrium binding 
constant (Kp) of 532 nM (Fig. 1B). The pres- 
ence of V1 glycans reduced the binding affi- 
nity by a factor of 5 between the DH270 UCA 
and CH848 10.17DT-stabilized SOSIP Env (fig. 
S1D). The Kp of CH848 10.17DT improved to 
118 nM for the DH270 IA4 Fab, although [A4 
differed from the UCA by only five amino acids 
(Fig. 1B). The difference in binding affinity 
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suggested that 10.17DT could select these five 
amino acid changes. The selection of these 
amino acids would advance antibody affinity 
maturation toward neutralization breadth. 
When the DH270 UCA immunoglobulin M 
(IgM) was expressed as an IgM B cell receptor 
(BCR) on the surface of a Ramos B cell line, 
10.17DT Env trimers bound with sufficient 
avidity to cross-link the receptor and induce 
calcium flux (Fig. 1C). Removal of the N133 and 
N138 V1 glycans resulted in an increase in the 
percentage of high-mannose glycans at Asn”? 
on the CH848 10.17DT Env trimer (fig. S3). 
Because DH270-lineage antibodies bind the 
Asn?*” glycan and are high mannose-reactive, 
the increase in high mannose likely contributed 
to the improved binding to the DH270 UCA 
(figs. SID and S3). Therefore, V1 glycans were 
inhibitory for DH270 antibody binding to en- 
velope trimers, and their removal generated an 
envelope capable of interacting with soluble 
and membrane-bound DH270 UCA. 


Structural characterization of DH270 UCA 
bound to CH848 10.17DT Env 


To provide atomic-level information on the in- 
teraction between DH270 UCA and the CH848 
10.17DT Env, we determined the structure of 
the antigen-binding fragment (Fab) of DH270 
UCA in complex with CH848 10.17DT SOSIP 
by cryo-electron microscopy (cryo-EM) to an 
overall resolution of 4.2 A (Fig. 1, D to H, figs. 
S5 and S6, and table S1). In cryo-EM recon- 
structions, we observed that the Env trimer was 
engaged by three Fabs in a 1:1 Env protomer/ 
Fab ratio (Fig. 1D). The DH270 UCA Fab bound 
a proteoglycan epitope composed of variable 
loops 1 (V1) and 3 (V3) and surrounding gly- 
cans at positions 301 and 332 (Fig. 1, E to H). 
Of the ~2212 A? total surface area buried at 
the Env-antibody interface, ~57% was con- 
tributed by interactions of the antibody with 
Env glycans. Whereas glycan 301 contacted 
only the light chain (total buried interface 
area ~250 A’), glycan 332 made contacts with 
both the heavy and light chains, burying a 
total of 1047 A’ at its interface, with about two- 
thirds of the interactive surface contributed 
by the heavy chain (Fig. 1F). 

DH270 UCA contacted the V3 loop by means 
of its HCDR1, HCDR2, and HCDR3 loops. The 
interaction was focused on the conserved V3 
GDIK/R (Gly-Asp-Ile-Lys/Arg) motif, with the 
side chain of HCDR1 Tyr”? in the fitted coor- 
dinates placed favorably to engage in a poten- 
tial hydrogen bond with the side chain of the 
conserved Asp” of the GDIK sequence (Fig. 1G). 
The N133, N138-deleted V1 loop was stacked 
against the V3 loop and adopted a B hairpin- 
like structure with the tip of the hairpin sta- 
bilized by interactions with the HCDR2 loop. 
In contrast to the N156 glycan (Fig. 1E), the 
presence of a glycan at position 138 in the V1 
loop would have created steric clashes with 
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the HCDR2 loop of the bound DH270 UCA 
(Fig. 1, E, G, and H). The N133D mutation was 
distal from the binding site of DH270 UCA 
but may modulate the conformation of the 
V1 loop. In summary, the structure of the Env- 
DH270 UCA complex provided an atomic-level 
understanding of the interaction of the DH270 
UCA with the Env CH848 10.17DT by revealing 
key contacts with conserved elements of the 
V3 loop and the surrounding glycans, and by 
showing how the engineered V1 loop engaged 
the DH270 UCA. 


Generation and characterization of DH270 
UCA knock-in mice 


To evaluate the ability of the CH848 10.17DT 
Env to bind to the DH270 UCA BCR on pri- 
mary B cells and to test CH848 10.17DT Env 
immunogenicity, we developed a humanized 
mouse model with the Vj7DJy and V,J, re- 
gions of the DH270 UCA knocked in (fig. S7A). 
As shown in fig. S7B, the DH270 UCA Vy, + Vr 
heterozygous knock-in (KI) mice had reduced 
numbers of B cells relative to T cells, which 
served as an internal reference. In control 
mice without KI genes, the ratio of B cells 
to T cells was 1.4; this was reduced to about 
0.4 in DH270 UCA heterozygous KI mice. 
An obvious increase in IgM* IgD'° immature 
B cell populations was observed in the spleen 
of DH270 UCA KI mice relative to control mice 
(figs. S7C and S8C), suggesting a slowdown or 
block in B cell maturation. To determine the 
proportion of B cells expressing DH270 UCA 
Vy, We examined allotypic markers of the two 
IgH alleles: DH270 UCA Vy; was expressed as 
IgM*, whereas mouse heavy chains were ex- 
pressed as IgM”. As shown in fig. S7C, about 
30% of splenic B cells expressed IgM* and 
more than 50% of B cells expressed Igm?. In 
theory, expression of a pre-rearranged Vj; exon 
should preclude the rearrangement of the 
other IgH? allele (27). However, KI heavy chains 
of autoreactive antibodies can be deleted via 
Vy replacement (28-31), thereby freeing the 
other IgH allele for expression. DH270 UCA V;, 
was expressed as a « light chain, but the KI 
mice expressed 2.5 times as many Ig 4* B 
cells as normal mice, which is indicative of 
receptor editing (32-34). Overall, the B cell 
phenotype of the DH270 UCA KI mice is 
consistent with the concept that the expres- 
sion of some bnAbs is under negative selec- 
tion by tolerance control mechanisms (35). 
However, the extent of B cell deletion in the 
DH270 UCA model is less severe than in some 
previously reported bnAb KI mouse models 
(36-38). The DH270 UCA BCR was functional, 
as the 10.17DT-stabilized SOSIP trimer induced 
calcium flux in splenic B cells from each of the 
three homozygous DH270 UCA (Vy""*, Vy") 
KI mice tested (fig. S9). Calcium flux was not 
detectable when the 10.17-stabilized SOSIP was 
used as the antigen (fig. S9). Because tolerance 
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Fig. 1. Structural characterization and development of an HIV-1 Env antigen 
capable of binding to the DH270 unmutated common ancestor (UCA). 

(A) Antibody neutralization of TZM-bI cell infection was compared for HIV-1 
pseudoviruses encoding CH848 10.17 gp160 Env or the same Env with 
glycosylation sites at Asn’? and Asn*3° (N133 and N138) removed by mutating 
them to Asp'*? and Thr'°8 (10.17DT). Neutralization titers are shown as |Cso 
values. (B) The binding affinities of DH270 UCA and the first intermediate 
antibody in the DH270 lineage (IA4) for CH848 10.17DT-stabilized Env trimers 
was determined by surface plasmon resonance. The somatic mutations acquired 
in the heavy chain variable region (Vy) and light chain variable region (V_) of 
DH270 IA4 are shown above and below the arrow, respectively. Improbable and 
probable somatic mutations were modeled on the DH270 UCA Fab crystal structure 
(PDB ID 5UOR) as red and green residues, respectively. (C) CH848 10.17DT 
calcium flux induction in DH270 UCA (green), DH270.1 (orange), and negative control 
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(black) IgG-expressing Ramos B cells. (D) Cryo-EM reconstruction (4.2 A resolution) 
of DH270 UCA (green) bound to CH848 10.17DT-stabilized Env trimers (gray), 
segmented by components. (E) Zoomed-in view of the interactive region between 
DH270 UCA and CH848 10.17DT. HIV-1 Env gp120 is shown in gray, with the V3 loop in 
orange and the V1 loop in red. Glycans are shown in stick representation and 
colored by elements, with oxygen atoms in red and nitrogen atoms in blue. The heavy 
chain of DH270 UCA is shown in green and light chain in yellow. Color code for 
complementarity-determining regions (CDRs) of the antibody: wheat, CDR HI; blue, 
CDR H2; purple, CDR H3; brown, CDR L1; pink, CDR L2; teal, CDR L3. DH270 UCA 
contacted the V1 loop, the V3 loop, and the surrounding glycans, with contacts made 
by both the heavy and light chains of the antibody. (F to H) Zoomed-in views of the 
structure showing details of the contacts DH270 UCA makes with glycan 332, 
shown in stick representation overlaid with dots and colored by element, with the 
DH270 UCA shown in surface representation (F), the V3 loop (G), and the V1 loop (H). 
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control mechanisms may also curtail DH270 
precursor expression in humans, this DH270 
Vy + Vy, heterozygous mouse provides a 
relevant and challenging model to test our 
immunogens. 


Nanoparticle immunization of DH270 
UCA KI mice 


Multimeric immunogens have been reported 
to be superior to soluble monomers for induc- 
ing humoral responses (15, 39-46). Therefore, 
we sought to generate a nanoparticle immu- 
nogen arraying the 10.17DT SOSIPv4.1 version 
of the Env trimer. The 10.17DT Env was chosen 
over the wild-type 10.17 on the basis of 10.17DT’s 
stronger binding affinity (by a factor of 5) for 
the DH270 UCA (fig. S1D), detectable induc- 
tion of calcium flux (fig. S9), and more frequent 
elicitation of heterologous-neutralizing serum 
antibodies in DH270 UCA KI mice (fig. S10). 
To ensure that well-folded, native-like Env 
trimers were present on a multimeric Env 
trimer nanoparticle, we purified well-folded 
trimers and used sortase A to site-specifically 
ligate them to ferritin nanoparticles (Fig. 2A 
and fig. S11). HIV-1 Env trimers on the nano- 
particle had the same bnAb-specific antigenic 
profile as the soluble Env trimer, in that neu- 
tralizing antibodies but not non-neutralizing 
antibodies bound to the trimer (Fig. 2B and 
fig. S11). The CH848 10.17DT Env trimer nano- 
particles cross-linked the BCR on mature and 
immature splenic B cells from homozygous 
DH270 UCA (Vy"/*, V;*/*) KI mice and in- 
duced intracellular calcium flux (Fig. 2C). 
Next, we immunized heterozygous DH270 
UCA (Vy, Vz") KI mice with CH848 10.17DT 
Env trimer nanoparticles. In this mouse mod- 
el, about 12% of splenic follicular B cells bind 
CH848 10.17DT, making this model more 
physiologic than previous KI model systems 
where most B cells express the KI variable 
regions (14) (Fig. 2D and fig. S8C). Mice that 
received the Env-trimer nanoparticle had sig- 
nificantly higher numbers of germinal center 
B cells and follicular helper T cells relative to 
adjuvant only-immunized mice (Fig. 2E). The 
Env-trimer nanoparticle induced N332-directed 
antibodies and tier 2 autologous neutralizing 
antibodies against CH848 10.17DT and CH848 
10.17 viruses after two or three immunizations, 
respectively (Fig. 2F and fig. S12). Heterologous 
neutralizing antibodies were also detectable 
in four of five CH848 10.17DT Env-immunized 
mice, but not in those animals that received ad- 
juvant only (fig. S12). Thus, in an in vivo setting 
where DH270 UCA precursors represented a 
minority of B cells, high-quality Env nanopar- 
ticles induced serum V3-glycan antibodies. 


Selection of improbable mutations by CH848 
10.17DT immunization 


We next determined whether 10.17DT vacci- 
nation could select for improbable somatic 
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mutations that occurred during the natural 
evolution of DH270 in the HIV-1 infected 
individual. 10.17DT-stabilized envelope trimer 
bound to the DH270 UCA with the improb- 
able G57R mutation with affinity improve- 
ment by a factor of 4 relative to the DH270 
UCA (Kp = 132 nM and 558 nM, respectively; 
figs. S13, A and B, and S14, A to C). We hy- 
pothesized that this improvement in binding 
affinity would provide the necessary affinity 
difference to select for the G57R mutation. 
Indeed, next-generation sequencing of heavy 
chain variable regions (Vy NGS) from the 
vaccinated mice demonstrated that the G57R 
mutation occurred more frequently in CH848 
10.17DT nanoparticle-immunized DH270 UCA 
KI mice than in adjuvant only-treated mice 
(Fig. 2G, top). Immunization with the CH848 
10.17DT nanoparticle increased the median 
frequency of the G57R mutation within DH270 
sequences by a factor of 200 after nanopar- 
ticle immunization (Fig. 2G, bottom). 

In addition to the G57R improbable muta- 
tion, DH270 IA4 encodes a light chain variable 
region (V;) S27Y improbable mutation (Fig. 1B 
and fig. S13C). Addition of the S27Y mutation 
to the DH270 UCA enabled accommodation of 
V1 glycan, as manifested by more potent neu- 
tralization of CH848 10.17 virus with the V1 
glycans present (fig. SI3A). We isolated single 
memory B cells that bound to the CH848 10.17 
Env trimer from Env nanoparticle-vaccinated 
mice (fig. S15). Of the 10.17 Env trimer-reactive 
antibodies, 66% were derived from the DH270 
antibody B cell lineage and 99% of these DH270 
antibodies were somatically mutated (Fig. 3, 
A and B, and fig. S16). The somatic mutations 
included improbable and probable mutations 
(figs. S16 to S18). Among the DH270 anti- 
bodies from the nanoparticle-immunized mice, 
antibody DH270.mul encoded both Vy G57R 
and V;, S27Y mutations (Fig. 3D and fig. S18). 
The DH270.mul antibody neutralized autol- 
ogous tier 2 CH848 viruses as well as het- 
erologous HIV-1 6101, Q23, and 92RW020 
viruses with titers nearly identical to anti- 
body DH270 IA4 (Fig. 3E). DH270.mul neu- 
tralized 16 of 23 heterologous isolates tested, 
including heterologous tier 1B and tier 2 vi- 
ruses (Fig. 3F). Hence, vaccination induced a 
heterologous tier 2 neutralizing DH270 anti- 
body that possessed the G57R and S27Y im- 
probable mutations. 


Accumulation of additional bnAb mutations 
in vaccine-elicited antibodies 


In addition to $27Y and G57R, the Vy and Vz; 
amino acid sequences of the 134 nanoparticle- 
induced DH270 antibodies included other 
somatic mutations present in DH270.1 (figs. 
S16 and S18). More specifically, 16 of 19 so- 
matic amino acid changes present in DH270.1 
were also present among the vaccine-induced 
antibodies (Fig. 3G). However, no single vaccine- 
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induced antibody had acquired all 16 observed 
Vy mutations in combination; instead, they 
were distributed among the 134 antibodies. 
Although 90% of the vaccine-induced anti- 
bodies shared two somatic mutations with 
DH270.1, the highest number of shared muta- 
tions accumulated on a single vaccine-induced 
DH270 Vy sequence was six; this occurred 
in 6% of the observed monoclonal DH270 
antibody Vy sequences (Fig. 3H). Similar to 
the Vy; sequences, 6 of 10 amino acid changes 
present in DH270.1 light chain were elicited 
by 10.17DT nanoparticles. Of the three Vy 
mutations that were not sampled, none were 
improbable, and of the four V; mutations 
that were not sampled, two were improbable 
(figs. S17 and S19). 

To examine more deeply the accumulation 
of low Vy somatic mutations, we performed 
Vy Next-generation sequencing on splenic B 
cells. We examined DH270 sequences for the 
co-occurrence of R98T and G57R because R98T 
has also been shown to be critical for DH270 
interaction with glycan (47). The co-elicitation 
of both R98T and G57R was observed for all 
mice immunized with CH848 10.17DT nano- 
particle at a higher frequency than adjuvant 
alone (fig. S20). The highest percentage of 
DH270 sequences with both mutations from 
any one mouse was 3.7% of DH270 sequences 
(fig. S20). We also analyzed DH270 sequences 
from the mice for the occurrence of all four 
DH270 IA4 V;; mutations in single antibodies. 
All mice immunized with CH848 10.17DT nano- 
particle generated DH270 sequences con- 
taining all four somatic mutations present in 
DH270 IA4, but administration of adjuvant 
alone did not generate such sequences (fig. 
$20). Thus, the CH848 10.17DT nanoparticle 
selected for limited combinations of muta- 
tions present in the initial stages of the DH270 
lineage maturation, but again did not elicit 
antibodies with all 19 somatic mutations ob- 
served in DH270.1. These data indicate the 
importance of sequential boosts to select for 
the improbable mutations required for full 
bnAb capacity. 

We hypothesized that without strong anti- 
genic selection, acquiring all improbable muta- 
tions observed in DH270.1 (/8) in one antibody 
would be a highly unlikely event. Under a 
scenario in which only four improbable mu- 
tations are required (fig. S19, A and B), and 
given the assumption of a constant rate of 
one improbable mutation per 12 weeks (the 
duration of immunization in nanoparticle- 
immunized mice), it would take 120 weeks 
of biweekly immunization of mice to reli- 
ably acquire four improbable mutations (fig. 
S19C), or multiple decades of immunization 
in humans given the age relation between 
mice and humans (48). Although B cell evolu- 
tion does not proceed under a constant mu- 
tation rate (7, 49), these data suggest that 
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Fig. 2. CH848 10.17DT nanoparticle immunization of DH270 UCA knock-in 
mice induces serum neutralizing antibody responses and the improbable 
G57R mutation. (A) Negative-stain electron microscopy of CH848 10.17DT- 
stabilized Env trimers conjugated to ferritin nanoparticles. A magnified image of 
the Env nanoparticles (top) and 2D class average (bottom) of the Env nano- 
particles are shown at the right. (B) Antigenic profile of CH848 10.17DT- 
stabilized Env trimers conjugated to ferritin nanoparticles or unconjugated. 
Binding was determined by biolayer interferometry and normalized to PGT151 
binding values. The normalized binding is shown in the heat map, with a value of 
1 being equal to PGT151 binding. OD glycan, outer domain glycans in the high- 
mannose patch. (©) CH848 10.17DT Env trimer nanoparticle (red) induction of 
calcium flux in homozygous (V"”*, V.*”*) DH270 UCA double knock-in (double KI) 
mouse B cells. (D) Heterozygous (Vy, V"”-) DH270 UCA double KI mouse 
immunization regimen with CH848 10.17DT SOSIP trimer nanoparticles. (E) Quan- 
tification of the frequency of splenic germinal center B cells (top) and follicular 
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helper T cells (bottom) in vaccinated DH270 UCA mice. Unvaccinated, wild-type 
C57BL/6 mice (BL6) served as baseline controls. Means + SEM are shown by black 
bars. *P < 0.05 (Wilcoxon exact test). (F) Serum antibody neutralization of 
autologous tier 2 CH848 10.17DT (top) and CH848 10.17 (bottom) virus infection of 
TZM-bI cells. Group geometric mean |Dso titers are shown (nanoparticle, n = 5; 
adjuvant only, n = 6). Arrows indicate immunization time points. (G) Top: Enumeration 
by Vy next-generation sequencing of the frequency of unique DH270 sequences 
encoding the G57R amino acid change. Frequencies of G57R were determined in 
total splenocytes 1 week after the sixth immunization. Each mouse is shown by 
an individual symbol: horizontal bars indicate the group mean. Bottom: Relative 
(fold) increase in G57R frequency in heterozygous DH270 UCA KI mice immunized 
with CH848 10.17DT Env nanoparticle and adjuvant compared to adjuvant-only 
control mice. Box-and-whisker plots indicate the minimum, maximum, median, 
and interquartile range fold increase for each group. Each symbol represents an 
individual mouse. *P < 0.05 (Wilcoxon exact test). 
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Fig. 3. CH848 10.17DT Env trimer nanoparticle immunization elicits neutra- 
lizing antibody DH270.mu1 that encodes both S27Y and G57R improbable 
amino acid changes. (A) The percentage of CH848 10.17-specific B cells sorted 
from CH848 10.17DT Env trimer nanoparticle-immunized mice that encode 
DH270 Vy and V, regions. CH848 10.17-specific B cells encoding one or more 
mouse lg chains were classified as other antibodies. Total number of antibodies 
isolated is shown in the center of the pie chart. (B) The percentage of DH270- 
expressing B cells that have acquired one or more somatic mutations. Total 
number of DH270 antibodies isolated [based on data in (A)] is shown in the 
center of the pie chart. (€) Amino acid mutation frequency of the DH270 V,, and 
Vi regions cloned from the sorted CH848 10.17-specific B cells shown in (B). 
Box-and-whisker plots show the range, median, and interquartile range. (D) Env 
nanoparticle vaccine-induced monoclonal antibody DH270.mul possessed both 
the G57R and S27Y amino acid changes in its HCDR2 and LCDR1 loops, 
respectively. Shown is an amino acid alignment of select DH270 clonal lineage 
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Shared mutations with DH270.1 


antibodies and DH270.mul. The two critical improbable mutations are highlighted 
in yellow. (E) DH270.mul neutralizes autologous and heterologous viruses with 
potency nearly identical to that of DH270 IA4. Neutralization titers are shown as ICs 
for each individual virus. Left, vaccine-induced antibody; right, DH270 intermediate 
antibody inferred from the clonal lineage elicited during chronic HIV-1 infections. 
(F) DH270.mul possesses neutralization breadth (16/23 or 70% of viruses) 
similar to that of DH270 IA4. Neutralization ICs titers are shown in a heat map. 
(G) The somatic mutations shared between the vaccine-elicited antibodies and 
the bnAb DH270.1. The DH270.1 somatic mutations observed after vaccination 
with 10.17DT trimer nanoparticle are indicated with blue squares; unobserved 
mutations are shown by white squares. (H) The frequency of the total (n = 134) 
mouse mAbs isolated from mice immunized with the 10.17DT SOSIP nanoparticle 
that had the indicated numbers of shared mutations with DH270.1. Amino acid 
abbreviations: A, Ala; D, Asp; F, Phe; G, Gly; |, Ile; K, Lys; L, Leu; M, Met; 

N, Asn; P, Pro; Q, Gln; R, Arg: S, Ser; T, Thr; V, Val; W, Trp; Y, Tyr. 
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boosting immunogens designed to specifically 
select for combinations of key improbable 
mutations will be necessary to accelerate neu- 
tralizing antibody lineage maturation to broad 
neutralization. 

To determine whether the V1 glycan dele- 
tions were important for optimal selection of 
the G57R mutation, we compared elicitation 
of G57R mutations in mice immunized with 
CH848 10.17 versus CH848 10.17DT in DH270 
UCA KI mice. We found that the 10.17DT SOSIP 
trimer more consistently elicited higher fre- 
quencies of the G57R improbable mutation 
than did the CH848 10.17 trimer (fig. S14D). 
Additionally, to determine whether the selec- 
tion of the G57R mutation by CH848 10.17DT 
Env was a result specific to this immunogen, 
we analyzed previously published antibody se- 
quences from KI mice that encode the same 
human V;;1-2*02 gene as DH270 but were im- 
munized with a different HIV-1 Env immu- 
nogen (50, 51). Analysis of next-generation 
sequencing of Vy regions from V}1-2*02 KI 
mice immunized with eODGTS8 nanoparticles 
showed that this immunogen did not elicit the 
G57R mutation (50, 57). Thus, the selection of 
the desired G57R mutation is not merely a 
product of activation of Vyj1-2*02-bearing B 
cells and is therefore the result of immuni- 
zation of the DH270 UCA KI mice with the 
CH848 10.17DT Env. 


Structural comparison of DH270.mul 
and DH270.6 


To provide information on the interaction 
between the nanoparticle-induced antibody 
DH270.mul (containing two key improbable 
mutations, G57R and S27Y) and the 10.17DT 
Env, we determined the structure of the 
DH270.mul Fab in complex with 10.17DT SOSIP 
trimer by cryo-EM to an overall resolution 
of 3.5 A. We also determined the structure of 
the affinity-matured V3-glycan bnAb DH270.6 
(18) in complex with CH848 10.17DT SOSIP to 
an overall resolution of 4.3 A (Fig. 4, A and B, 
figs. S21 and S22, and table S1). By comparing 
the DH270.mul complex to the DH270 UCA and 
the matured DH270.6 bnAb complexes, we were 
able to assess the structural evolution of the 
vaccine-induced DH270.mul antibody. DH270 
UCA, DH270.mul, and DH270.6 all bound at a 
1:1 Env protomer/Fab ratio with similar over- 
all orientations (Fig. 4, A to D, and figs. S6, 
$21, and S22). All three antibodies used the 
20-amino acid HCDR3 to contact the base of 
the V3 loop by reaching past the N332 glycan 
(Fig. 1E and Fig. 4, C and D). The most striking 
difference was observed in the conformation 
of the V1 loop (Fig. 1E and Fig. 4, C to H). In the 
DH270 UCA-bound complex, the tip of the 
short V1 loop was oriented toward the anti- 
body paratope with the HCDR2 loop making 
van der Waals contacts with the V1 tip (Fig. 1, 
E, G, and H, and Fig. 4E). In contrast, the V1 
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loop in the DH270.6-bound complex was posi- 
tioned roughly perpendicular to the antibody 
paratope, with the tip of the V1 loop separated 
by about 14 A between the DH270 UCA-bound 
and DH270.6-bound conformations (Fig. 4, E 
to H). The V1 loop in the DH270.mul1-bound 
complex adopted a conformation similar to 
that in the DH270.6-bound complex, and dis- 
tinct from the V1 loop conformation observed 
in the DH270 UCA-bound complex (Fig. 4, E 
to H). The altered disposition of the V1 loop, 
and its movement away from the HCDR2 
loop in the DH270.6- and DH270.mul-bound 
complexes, allowed access to the conserved 
GDIK motif in the V3 loop by the improbable 
mutation G57R, via hydrogen bonds between 
the side chain of Arg”’ of the HCDR2 loop 
and the main-chain carbonyl of residue Gly?”* 
in the GDI(R/K) motif of the V3 loop (Fig. 4, G 
and H, and figs. S21B and S22B). We also ex- 
amined the LCDR1 loop, which is the site of the 
improbable S27Y tyrosine mutation that was 
acquired in both the mature DH270.6 bnAb 
and the elicited DH270.mu1 antibody. The tyro- 
sine substitution facilitated an interaction with 
the glycan 301 (Fig. 4, I to K). Thus, the three 
cryo-EM structures revealed that the V1 loop 
lacking N133 and N138 glycans was confor- 
mationally flexible, adopted two distinct con- 
formations when bound to the DH270 UCA 
versus the DH270.6 mature bnAb, and, when 
bound to the elicited DH270.mu1 antibody, 
resembled the V1 loop conformation in the 
DH270.6-bound complex. 


Induction of precursors of broad and potent 
CD4 binding site CH235-class neutralizing 
antibodies with improbable mutations 


To generalize the selection of improbable mu- 
tations to additional bnAb B cell lineages, we 
designed immunogens for the CD4bs bnAb 
lineage CH235 that was derived from the CH505 
HIV-1-infected individual (22). The CH235- 
lineage bnAbs have many improbable mutations, 
including a functional improbable mutation, 
KI9T in Vy (10). The K19T mutation is sufficient 
on its own to expand neutralization breadth 
against autologous CH505 viruses by the CH235 
UCA (Fig. 5A). However, only low-affinity autol- 
ogous envelopes have been shown to bind to 
the CH235 UCA (fig. S25A) (23). In recent work, 
LaBranche and colleagues showed that the 
CH505 M5 envelope with a G458Y (M5.G458Y) 
mutation was bound by the CH235 UCA with 
high affinity (52). The apparent affinity was 
improved by a factor of 9 by generating the 
envelope in GnTI’~ cells, which restricted 
glycan processing beyond Man;GlcNAc, (Man, 
mannose; GlcNAc, N-acetylglucosamine) (52). 
M5.G458Y-stabilized SOSIP gp140 bound 
with an apparent affinity of 9 nM for the 
CH235 UCA and 0.1 nM for the CH235 early 
bnAb that included the K19T change (52). 
Thus, we identified a high-affinity Env im- 
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munogen that had the potential to select for 
the critical K19T change. 


Generation and characterization of CH235 
UCA knock-in mice 


To evaluate immunogen selection of the K19T 
mutation, we generated CH235 UCA hetero- 
zygous (V;;""", V;,"/-) KI mice in the same way 
as the DH270 UCA model. In this mouse line, 
the ratio of splenic B cells versus T cells was 
close to normal (fig. S23A). The IgM/IgD profile 
of splenic B cells was comparable to that in 
control mice, with elevation of the IgM*IgD"° 
population by less than a factor of 2 (figs. 
$23B and S24C). There was no detectable 
population of surface Ig? B cells, which are 
usually anergic. About 30% of B cells expressed 
IgM", the IgH allotype associated with CH235 
UCA Vy, and nearly 60% of B cells expressed 
IgM? from the IgH? allele (fig. S23C). Again, as 
with the DH270 KI model, the CH235 UCA 
Vy Was presumably deleted through Vj, replace- 
ment in IgM>* B cells. With regard to light 
chain expression, the proportion of Iga* B 
cells (2%) was below normal. The profile sug- 
gests that the KI V;, inhibited the expression 
of endogenous mouse light chain and was 
not subject to active deletion by receptor edit- 
ing. Together, these data suggest that ex- 
pression of CH235 UCA is subject to negative 
selection at the heavy chain level, likely at the 
B cell progenitor stage, where Vy, replacement 
takes place. B cells that have passed through 
this initial hurdle progress normally into ma- 
ture B cells in peripheral lymphoid tissues. 

Heterozygous (Vj, Vy") CH235 UCA KI 
mice were immunized five times with M5. 
G458Y-stabilized SOSIP trimer glycosylated 
with heterogeneous glycans or enriched for 
Man;GlcNAc, glycans (Fig. 5B). In this mod- 
el, approximately 10% of follicular B cells 
bind the CH505 M5.G458Y envelope, mak- 
ing it a relatively stringent model for test- 
ing engagement of bnAb precursors (fig. 
$24). Man;GlcNAc,-enriched and heteroge- 
neously glycosylated M5.G458Y Env trimer 
elicited comparable serum neutralizing anti- 
body titers (Fig. 5C). Serum neutralization 
could be knocked out by a N280D mutation 
indicative of a CD4bs epitope-targeting re- 
sponse (Fig. 5C). Serum antibodies from either 
group of trimer-immunized mice were capable 
of neutralizing the tier 2 autologous CH505 
M5 virus (fig. S25B), which is resistant to the 
CH235 UCA, suggesting maturation of the 
CH235 antibody response (Fig. 5A). 

By next-generation sequencing of the CH235 
Vy region, we determined that M5 G458Y 
trimer-immunized mice generated CH235 
sequences with the K19T improbable muta- 
tion (Fig. 5D). To determine the effects of 
immunogen affinity on K19T selection, we im- 
munized CH235 UCA mice with low-affinity 
CH505 M5 gp120 that bound to the UCA with 
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Fig. 4. Vaccine-induced antibody DH270.mu1 with improbable mutations 
binds to the HIV-1 Env SOSIP trimer with the same binding mode as 
DH270 bnAbs. (A) Cryo-EM reconstruction (4.3 A resolution) of DH270.6 
(cyan) bound to CH848 10.17DT-stabilized Env trimers (gray) segmented by 
components. (B) Same as (A) but for the DH270.mul complex (3.5 A resolution) 
with DH270.mul shown in pink. (©) Zoomed-in view of the interactive region 
between DH270.6 and CH848 10.17DT. HIV-1 Env gp120 is shown in gray with the 
V3 loop in orange and the V1 loop in red. Glycans are shown in stick repre- 
sentation and colored by elements, with oxygen atoms in red and nitrogen atoms 
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DH270.6 bound complex 


DH270.6 bound V1 
DH270.mu1 bound V1 


DH270 UCA 
bound V1 


DH270.mu1 
heavy chain 


K DH270.mu1 bound complex 


in blue. The heavy chain of DH270.6 is shown in cyan and light chain 

in yellow. Color code for CDRs: wheat, CDR H1; blue, CDR H2; purple, CDR H3; 
brown, CDR L1; pink, CDR L2; teal, CDR L3. (D) Same as (C) but for the 
DH270.mul complex, with DH270.mul heavy chain in pink. (E) Overlay of the 
DH270-bound V1 (green), DH270.6-bound V1 (blue), and DH270.mul-bound 
V1 (magenta). (F to H) Zoomed-in views showing details of the contacts 
made by heavy chain residue 57. Black dashed lines indicate hydrogen bonds. 
(I to K) Zoomed-in views showing details of the contacts made by light 

chain residue 27. 
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4 uM affinity (fig. S25A). The highest-affinity 
immunogen elicited the highest frequency of 
K19T-encoding antibodies, and the lowest- 
affinity immunogen elicited the lowest frequency 
of K19T-encoding antibodies (Fig. 5, D and 


E). To determine the function of K19T-encoding 
antibodies, we isolated 57 CH235 monoclonal 
antibodies by sorting antigen-specific B cells 
from M5.G458Y trimer-immunized mice, 86% 
of which were somatically mutated (Fig. 5F). 


Three antibodies (termed CH235.mul, 2, and 
3) possessed the K19T mutation (Fig. 5G and 
figs. S25 and S26). In addition to the K19T 
mutation, CH235.mul1 acquired the improb- 
able somatic mutation D99N, which is also 
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Fig. 5. Env trimer immunization elicits neutralizing antibodies with the crit- 
ical, improbable K19T amino acid change in the CD4 binding site bnAb 
lineage CH235. (A) CH235 UCA neutralization of autologous CH505 virus infection 
of TZM-bl cells is enhanced by the acquisition of the K19T somatic mutation in 
the V4. Neutralization titers are shown as |Cs9 values. A mixture of CHO1 and 
CH31 was used as a positive control. (B) CH235 UCA (het/het) KI mouse (n = 5) 
immunization comparing MansGlcNAc»-enriched versus heterogeneously glyco- 
sylated CH505 M5.G458Y SOSIP gp140 trimer. (C) Comparable titers of serum 
antibody neutralization of CH505 M5.G458Y virus infection of TZM-bl cells were 
elicited by MansGIcNAcz-enriched versus heterogeneously glycosylated CH505 
M5.G458Y SOSIP gp140 trimer. Neutralization activity was sensitive to a N280D 
amino acid change in the CD4 binding site. Neutralization titers are shown as 
IDs9 with each symbol representing one mouse serum sample collected 1 week 
after the fourth immunization. Group geometric means are shown by horizontal 
bars. Murine leukemia virus was negative at each time point. (D) Enumeration by 
Vu next-generation sequencing of the frequency of unique CH235 sequences 
encoding the K19T amino acid change in mice immunized with M5 gp120 or 
MansGlcNAcz-enriched M5.G458Y trimer. Frequencies of K19T were determined 
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in total splenocytes 1 week after the final immunization. Each mouse is shown by 
an individual symbol; horizontal bars indicate the group mean. *P < 0.05 
(Wilcoxon exact test); ns, not significant. (E) Fold increase in K19T frequency in 
heterozygous CH235 UCA KI mice immunized with MansGlcNAcz-enriched M65. 
GA458Y trimer and M5 gp120. Symbols and bars are the same as in (D). *P < 0.05 
(Wilcoxon exact test). (F) M5.G458Y gp120-reactive single splenic B cells from a 
MansGlcNAcz-enriched CH505 M5.G458Y Env trimer-immunized mouse were 
sorted by fluorescence-activated cell sorting (FACS) 1 week after the final 
immunization. All of the 57 recovered antibody sequences originated from the 
CH235 KI variable regions. The pie chart shows the percentage of CH235- 
expressing B cells that have acquired one or more somatic mutations. (G@) Amino 
acid alignment of V}, sequences from vaccine-induced and infection-induced 
CH235 antibodies shows the occurrence of the K19T mutation. (H) Vaccine- 
induced CH235 antibodies encoding K19T neutralize autologous CH505 virus 
infection of TZM-bl cells more potently than does the CH235 UCA. Viruses were 
grown under conditions that result in MansGlcNAcz enrichment (left) or 
heterogeneous glycosylation (right). The heat maps depict ICs9 neutralization 
titers for each individual virus. 
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present in CH235 (figs. S25 and S26). These 
three vaccine-induced antibodies more po- 
tently neutralized Man;GlcNAc,-enriched 
or heterogeneously glycosylated M5.G458Y 
virus than did the UCA (Fig. 5H and fig. S25D). 
These antibodies were specific for the CD4bs, 
as judged by their sensitivity to a N280D Env 
mutation (Fig. 5H). Vaccine-induced antibodies 
also neutralized heterogeneously glycosylated 
CH505 M5 and Man;GIcNAc,-enriched CH505 
TF, which were both resistant to CH235 UCA 
neutralization (Fig. 5H, right). Therefore, vac- 
cination stimulated these somatically mutated 
antibodies to progress beyond the neutraliza- 
tion phenotype of the CH235 UCA. Thus, we 
have demonstrated that the design of UCA- 
targeting Envs that bind with high affinity to 
B cells bearing key improbable mutations can 
overcome rare mutations as a maturational 
bottleneck in both V3-glycan and CD4bs bnAb 
B cell lineages. 


Induction of potent neutralizing CD4bs 
antibodies in macaques 


We immunized rhesus macaques to determine 
whether Man;GlcNAc,-enriched M5.G458Y 
SOSIP gp140 could elicit CH235-like CD4 bind- 
ing site antibodies in outbred primates with 
wild-type antibody repertoires. Given previous 
successes of Env nanoparticle immunogens in 
macaques (15, 39) and in the DH270 UCA KI 
mouse studies performed here, we generated 
a nanoparticle displaying the Man;GlcNAc,- 
enriched M5.G458Y SOSIP gp140 (Fig. 6A) 
using the two-step conjugation method de- 
scribed above (fig. S11). Macaques were im- 
munized three times with M5.G458Y SOSIP 
gp140 nanoparticles formulated in the adjuvant 
3M-052 in stable emulsion (Fig. 6B). Plasma 
IgG binding antibodies to the Man;GlcNAc,- 
enriched M5.G458Y SOSIP gp140 were detect- 
able after a single immunization and continued 
to increase with the two subsequent boosts 
(Fig. 6C). Serum autologous tier 2 neutralizing 
antibodies against Man;GlcNAc,-enriched 
M5.G458Y virus were detected after the sec- 
ond immunization and were boosted by the 
third immunization (Fig. 6D). In previous 
studies, the elicitation of autologous tier 2 
neutralizing antibodies in all vaccinated ani- 
mals has been difficult to achieve, requiring 
osmotic pumps and fractionated immuniza- 
tions over short time intervals (53, 54). However, 
Man;GlcNAc,-enriched M5.G458Y nanopar- 
ticles successfully elicited potent neutraliz- 
ing antibodies in all four macaques with two 
monthly immunizations (Fig. 6, D to H). 
Neutralizing antibodies were not restricted to 
Man;GlcNAc, enrichment, as the heteroge- 
neously glycosylated M5.G458Y virus produced 
in 293T cells was potently neutralized by all 
four animals also (Fig. 6E). 

Next, we examined whether the neutraliz- 
ing antibodies in the macaque serum had the 
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same neutralization signature as CH235 anti- 
bodies early in bnAb development. The CH235 
UCA plus the K19T mutation potently neutral- 
ized M5.G458Y, weakly neutralized M5, and 
showed undetectable neutralization toward 
CH505 TF virus (Fig. 5A). The macaque serum 
showed a similar neutralization signature, 
as the CH235 UCA plus the K19T mutation 
in that the serum neutralized Man,GlcNAc,- 
enriched M5.G458Y potently, M5 moderately, 
and CH505 TF weakly (Fig. 6, F and G). To 
map the neutralizing antibodies to the same 
CD4bs epitope as CH235, we examined neu- 
tralization of M5.G458Y virus with a knock- 
out mutation in the CD4bs at position 280 
(N280D), a knockout mutation characteristic 
of CH235-class bnAb precursors (52). After 
two and three immunizations, all four mac- 
aques generated N280-dependent neutraliz- 
ing antibodies (Fig. 6, F and G). As a group, the 
macaques showed a factor of 34 decrease 
(range: >9 to 114) in serum neutralization po- 
tency against Man;GlcNAc,-enriched M5.G458Y 
when the CH235 epitope was eliminated (Fig. 6, 
Hand 1). Thus, the CD4bs immunogen that is 
capable of selecting improbable mutations in the 
CH235 lineage elicited CD4bs serum neutral- 
izing antibodies in primates with neutralization 
signatures similar to that of the CH235 bnAb. 


Concluding remarks 


Improbable somatic mutations in HIV-1 bnAb 
variable regions are often required for their 
neutralization activity and represent obsta- 
cles to the induction of bnAbs by vaccination 
(10). We have shown that immunogens can 
be designed to select for specific antibody 
nucleotide mutations in the setting of vac- 
cination. Our immunogen design approach 
was to design an immunogen that could bind 
to the initial precursor of the bnAb lineage 
with sufficient affinity to activate it, and could 
bind with higher affinity to the affinity matu- 
ration intermediates with improbable mu- 
tations. Our results show that the immune 
system, when provided with an affinity gra- 
dient between two clonally related antibodies, 
can be manipulated to generate HIV-1 bnAb 
improbable mutations. In addition to the 
CH235 and DH270 bnAb lineages, we en- 
vision that this vaccine design strategy will 
be applicable to other HIV-1 bnAb lineages. 

We succeeded in eliciting CD4bs neutraliz- 
ing antibodies in primates with a neutraliza- 
tion phenotype similar to CH235 intermediate 
antibodies. The next step for vaccine design 
will be to guide these antibodies to develop 
neutralization breadth. Unlike bnAbs such 
as PGT121 or VRCO1, the development of the 
two bnAb lineages investigated here is not 
limited by rare insertion or deletion events. 
Instead, these antibodies encode improbable 
nucleotide mutations needed for neutraliza- 
tion activity (18, 22, 23). Thus, we hypothesize 
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that the elicitation of DH270 V3-glycan or 
CH235 CD4bs types of bnAbs will require a 
mutation-guided vaccine design approach 
that specifically selects for improbable mu- 
tations (0). Among the 26 bnAbs for which 
we analyzed the number of improbable mu- 
tations, CH235.12 had the most Vy improb- 
able mutations (0). Although the CH505 M5 
G458Y Env trimer selected for K19T at a suf- 
ficiently high frequency for isolation of mono- 
clonal antibodies encoding this mutation, 
the functionally important W47L improbable 
mutation (J0) was not elicited with the cur- 
rent immunogen. The absence of the W47L 
mutation in the 57 monoclonal antibodies 
demonstrated that immunogen engagement 
of the UCA is a required step to initiate af- 
finity maturation of the antibody lineage, but 
engagement alone is not sufficient to select 
for all improbable mutations. Not all amino 
acids encoded by improbable nucleotide mu- 
tations are required for neutralization breadth. 
Thus, defining the amino acids required for 
neutralization breadth comparable to CH235.12 
or DH270.6 would provide a simplified matu- 
ration pathway for vaccine-induced antibody 
responses. This functionally required subset 
of mutations should be inducible with a vac- 
cine, given our observation that the 134 vaccine- 
induced single DH270 antibodies encoded 16 
of 19 Vy mutations present in the DH270.1 
mature bnAb—including the four improbable 
mutations of Arg’’, Are®’, Thr®’, and Thr®® 
(Fig. 3G and figs. S18 and $20). All 16 mu- 
tations did not occur on the same antibody; 
rather, they were scattered among the 134 anti- 
bodies (figs. S16, S18, and S19). Without proper 
antigen selection, it will take multiple dec- 
ades of vaccination to elicit a DH270-like bnAb. 
This timeline could be accelerated by the de- 
sign of sequential immunogens that select for 
the required combination of functional anti- 
body somatic mutations (13, 14, 55, 56). 

It is important to consider the status of gly- 
cans on 293 cell line-produced Envs that 
we have used as immunogens. In Go et al., 
multiple stabilized Envs forms were produced 
in 293, CHO, or CD4: T cell lines and their site- 
specific glycans were profiled (57, 58). Remark- 
able similarity was found among all SOSIP 
trimes regardless of the cell line used for Env 
expression (57, 58). Comparison of virion Env 
and recombinant SOSIP trimer glycans has 
also demonstrated glycosylation similarities 
(59). Thus, both 293 cell-produced and CHO- 
produced stabilized trimers have glycosyla- 
tion patterns of predominant high-mannose 
glycans similar to those found on native virion 
Env. Evaluation of the CH848 10.17DT immu- 
nogen used in this study was consistent with 
these published glycosylation patterns. 

Our study emphasizes the difficult nature of 
induction of broadly neutralizing antibodies, 
in that the design of sequential immunogens 
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must be precise, and the simultaneous use of 
sequential immunogens for multiple bnAb 
types also runs the risk of leading some bnAb 
B cell lineages off track. Thus, multiple rounds 
of iterative immunogen design will be needed 


to develop complex sequential immunogens 
that can induce a polyclonal bnAb response. 

Finally, this study demonstrates proof-of- 
concept for targeted selection of improb- 
able mutations to improve antibody affinity 
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CD4 binding site. (A) Two-dimensional class averages of negative-stain electron 
microscopy images of GnTI"”~ cell-expressed M5.G458Y-stabilized SOSIP 
gp140 ferritin nanoparticles. (B) Rhesus macaque immunization with M5.G458Y- 
stabilized SOSIP gp140 ferritin nanoparticles enriched for MansGIlcNAc» glycans. 
(C) Plasma IgG binding over time to GnTIl’”~ cell-expressed M5.G458Y-stabilized 
SOSIP gp140. (D) Serum neutralization kinetics against GnTI-’~ cell-produced 
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(E) Macaque serum after three immunizations neutralizes MansGlcNAco- 
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neutralizes MansGlcNAcz-enriched CH505 M5.G458Y, M5, and TF viruses. 
Horizontal bars are the geometric mean for the group (n = 4). (G) Geometric 
mean of the neutralization titers of all four animals against CH505 M5.G458Y 
wild-type and CD4bs CH235 bnAb knockout (N280D) viruses over time. 

(H) Individual macaque neutralization titers after three immunizations against 
M5.G458Y wild-type and CD4bs CH235 bnAb knockout (N280D) viruses. 
Horizontal bars are the geometric mean for the group (n = 4). (I) Fold decrease 
in week 10 neutralization IDs9 titers shown in (H) for each macaque upon 
mutation of the CD4 binding site with a N280D mutation. 
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maturation is needed for a protective anti- 
body response. 


Methods 
Animals and immunizations 


DH270 UCA Vy and V;, KI mice were gen- 
erated by introducing rearranged Vy(D)Jy 
and V,J,, exons into mouse Jy and J, loci of 
an F, (129/Sv x C57BL/6) ES cell line, respec- 
tively. The IgH alleles from the two mouse 
strains are distinguishable by allotypic dif- 
ference. The DH270 UCA Vy(D)Jyq exon was 
integrated via homologous recombination 
into the Jy region of the IgH allele (IgH*) 
from 129/Sv mouse strain (fig. S7A). The 
IgH? allele from C57BL/6 strain was not 
modified. The integration replaces a 2255-bp 
region containing mouse Jj}71-4 (starting from 
877 bp upstream of Jy1 to 57 bp downstream 
of Jyz4) with an expression cassette consist- 
ing of a promoter upstream of mouse V};81X 
segment and rearranged V}(D)Jq exon en- 
coding the Vy of DH270 UCA. Similarly, the 
DH270 UCA V,J, exon was introduced into 
the J« region of one Ig« allele. The other Ig« 
allele was not altered and the two Igx alleles 
are not distinguishable by allotypic differ- 
ence. The V;, KI replaces a 1762-bp region 
containing mouse J«1-5 (starting from 114 bp 
upstream of J«1 to 286 bp downstream of 
J«5) with an expression cassette consisting 
of a promoter upstream of mouse V«3-1 seg- 
ment. Correct Vy and V; KI have been ver- 
ified with Southern blotting. The ES clones 
were injected into Rag2 deficient blastocysts 
to generate chimeric mice, which were sub- 
sequently bred with 129/Sv mice for germline 
transmission. Germline mice were used for 
the immunization experiments. The CH235 
UCA Vy, and V;, KI mice were generated in the 
same way. 

DH270 UCA heterozygous heavy chain var- 
iable and light chain variable region double 
KI mice (VyDJy*"", V,J,°/" KI strains) were 
immunized six times 2 weeks apart with 
25 ug of protein immunogens with 5 ug of the 
TLR4 agonist-based, IDRI proprietary ad- 
juvant system GLA-SE. Immunizations were 
performed via intramuscular injection (200 ul). 
Heterozygous CH235 UCA (VyDUi", Vide”) 
KI mice were immunized similarly. Control 
groups were administered in parallel with 
5 ug of GLA-SE (adjuvant only). Blood sam- 
ples were collected 10 days after each immu- 
nization for immune profiling. 

Indian-origin rhesus macaques were housed 
and treated in AAALAC-accredited institu- 
tions. The study protocol and all veterinar- 
ian procedures were approved by the Duke 
University IACUC and were performed based 
on standard operating procedures developed 
by Bioqual (Rockville, MD). Macaques were 
immunized intramuscularly in the quadriceps 
every 4 weeks. Each macaque was administered 
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100 pg of CH505 M5.G458Y SOSIP gp140 
ferritin nanoparticles adjuvanted with 30 ug 
of 3M-052 stable emulsion. 3M-052 stable 
emulsion was formulated as described (60). 
Whole blood and serum were drawn on the 
day of vaccination and 2 weeks after each 
immunization to examine immune responses. 


Recombinant antibody and Fab production 


Antibody and Fab was produced as described 
(61, 62). Briefly, recombinant proteins were 
expressed in Expi293 cells (Life Technologies) 
by transient transfection with Expifectamine 
(Invitrogen). Five days after transfection, cell 
culture media was cleared of cells and protein 
A (ThermoFisher) or KappaSelect (GE Health- 
care) affinity chromatography was used to 
purify IgG or Fab, respectively. Purified pro- 
tein was buffer exchanged into PBS with suc- 
cessive rounds of centrifugation, filtered, and 
stored at -80°C. 


Recombinant SOSIP envelope production 


HIV-1 Env SOSIP gp140 trimers were designed 
as chimeric SOSIP trimers (62). CH848 SOSIP 
gp140 trimers were stabilized with a 201C-433C 
disulfide bond (24). CH505 SOSIPs were sta- 
bilized with E64K and A316W mutations (25). 
Freestyle 293 (Life Technologies) cells were 
cultured in Freestyle 293 media below 3 x 
10° cells ml. On the day of transfection, cells 
were diluted to 1.25 x 10° cells ml! with fresh 
media and 1 liter of cells was transfected with 
293Fectin (Life Technologies) complexed with 
650 ug of envelope-expressing DNA and 150 pg 
of furin-expressing plasmid DNA. Cells were 
cultured for 6 days in shaker flasks. Cell culture 
supernatant was cleared of cells by centrifuga- 
tion for 30 min at 3500 rpm and subsequently 
0.8-um filtered. The cell-free supernatant was 
concentrated to less than 100 ml with a single- 
use tangential flow filtration cassette and 
0.8-um filtered again. Trimeric Env protein was 
purified with PGT145 affinity chromatography. 
PGT145 IgG1 antibody (100 mg) was conjugated 
to 10 ml of CnBr-activated sepharose FastFlow 
resin (GE Healthcare). Coupled resin was 
packed into a Tricorn column (GE Healthcare) 
and stored in PBS supplemented with 0.05% 
sodium azide. Cell-free supernatant was applied 
to the column at 2 ml/min in PBS supplemented 
with 0.05% sodium azide using an AKTA Pure 
(GE Healthcare). The column was washed, and 
protein was eluted off of the column with 3 M 
MgCly. The eluate was immediately diluted in 
10 mM Tris pH 8, 0.2-um filtered, and concen- 
trated down to 2 ml for size-exclusion chroma- 
tography. To produce biotinylated CH0848 
10.17DT SOSIP gp140s, the envelope sequence 
was expressed with a C-terminal avidin tag 
(AviTag: GUNDIFEAQKIEWHE). After antibody 
affinity chromatography and eluate concentra- 
tion, the envelope was dialyzed for 1 hour in 
10 mM Tris pH 8. Envelope was biotinylated 
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with the BirA biotin-protein ligase standard 
reaction kit (Avidity). The ligation reaction 
was done by agitating 25 uM of SOSIP trimer 
at 900 rpm at 30°C for 5 hours. The bio- 
tinylated protein was then concentrated to 
2 ml for size-exclusion chromatography. Size- 
exclusion chromatography was performed 
with a Superose6 16/600 column (GE Health- 
care) in 10 mM Tris pH 8, 500 mM NaCl. 
Fractions containing trimeric HIV-1 Env pro- 
tein were pooled together, sterile-filtered, snap- 
frozen, and stored at -80°C. 


Deglycosylation of CH848 10.17DT SOSIP Envs 


Env samples were either partially or fully de- 
glycosylated depending on the type of analy- 
sis. For disulfide analysis, samples containing 
10 ug of the CH848 10.17DT SOSIP Envs were 
alkylated with a 10-fold molar excess of 
4-vinylpyridine in the dark for 1 hour at room 
temperature (RT) to cap any potential free 
cysteine residues. Alkylated Env samples were 
subsequently deglycosylated with 500 U of 
PNGase F in 100 ul of 50 mM ammonium 
citrate buffer (pH 6.5) for 1 week at 37°C. The 
fully deglycosylated and alkylated samples 
were digested overnight with trypsin (protein/ 
enzyme ratio of 30:1) at 37°C. For glycosylation 
analysis, samples containing 25 ug of the 
CH848 10.17DT SOSIP Envs were incubated 
with Endo H (2.5 ul, =5 units ml) for 48 hours 
at 37°C in 50 mM ammonium acetate buffer, 
DH 5.5. Following Endo-H treatment, Env sam- 
ples were digested as described below. 


Proteolytic digestion of CH848 10.17DT SOSIP 
Envs for glycosylation analysis 


CH848 10.17DT SOSIP Envs (25 ug) were de- 
natured with 7 M urea in 100 mM Tris buffer 
(pH 8.0), reduced at RT for 1 hour with TCEP 
(5 mM), and alkylated with 20 mM IAM at 
RT for another hour in the dark. The reduced 
and alkylated samples were buffer-exchanged 
using a 50-kDa MWCO filter (Millipore) prior 
to protease digestion. Digestion was performed 
using trypsin alone and a combination of 
trypsin and chymotrypsin at a 30:1 protein/ 
enzyme ratio. Samples were incubated over- 
night at 37°C. The resulting Env digest was 
either directly analyzed or stored at -20°C until 
further analysis. To ensure reproducibility of 
the method, digestion was performed at least 
three times on different days with samples 
obtained from the same batch and analyzed 
with the same experimental procedure. 


Chromatography and mass spectrometry 


High-resolution LC/MS experiments were per- 
formed using an LTQ-Orbitrap Velos Pro 
(Thermo Scientific) mass spectrometer equipped 
with ETD coupled to an Acquity UPLC M-Class 
system (Waters). Mobile phases consisted of 
solvent A (99.9% deionized H,O + 0.1% formic 
acid) and solvent B (99.9% CH3CN + 0.1% 
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formic acid). A 5-ul aliquot of the sample 
(~1.5 uM) was injected onto C18 PepMap 
300 column (300 um id. x 15 cm, 300 A, 
Thermo Fisher Scientific) at a flow rate of 
4 uwl/min. The following CH3,CN/H,O multi- 
step gradient was used: 3% B for 5 min, 
followed a linear increase to 40% B in 50 min, 
then a linear increase to 90% B in 15 min. The 
column was held at 97% B for 10 min before 
reequilibration. All mass spectrometric analy- 
sis was performed in the positive ion mode 
using data-dependent acquisition mode: The 
five most intense ions in the survey scan in 
the mass range 400 to 2000 m/z were se- 
lected for alternating CID and ETD in the 
LTQ linear ion trap using a normalized col- 
lision energy of 30% for CID and an ion-ion 
reaction time of 100 to 150 ms for ETD. Full 
MS scans were measured at a resolution (R) 
of 30,000 at m/z 400. Under these condi- 
tions, the measured R (FWHM) in the orbi- 
trap mass analyzer is 20,000 at m/z 1000 
and 17,000 at m/z 1500. 


Glycopeptide identification and disulfide 
bond analysis 


Details of the glycopeptide compositional anal- 
ysis have been described (63-65). Briefly, com- 
positional analysis of glycopeptides was carried 
out by first identifying the peptide portion 
from tandem MS data. Once the peptide por- 
tion was determined, plausible glycopeptide 
compositions were obtained using the high- 
resolution MS data and GlycoPep DB. The 
putative glycopeptide composition was con- 
firmed manually from CID and ETD data. 

Disulfide bond patterns of CH848 10.17DT 
SOSIP Envs were determined by mapping the 
disulfide-linked peptides. Data analysis was 
performed using Mascot (v 2.5.1) search engine 
for peptides containing free cysteine residues 
and disulfide bond patterns were analyzed 
manually as described (66, 67). 


In vitro HIV-1 neutralization 


Antibody-mediated HIV-1 neutralization was 
measured using Tat-regulated luciferase (Luc) 
reporter gene expression to quantify reduc- 
tions in virus replication in TZM-bl cells as 
described (68). TZM-bl cells were obtained 
from the NIH AIDS Research and Reference 
Reagent Program, as contributed by J. Kappes 
and X. Wu. The monoclonal antibody or serum 
was pre-incubated with virus (~150,000 rela- 
tive light unit equivalents) for 1 hour at 37°C, 
and TZM-bl cells were subsequently added. 
After 48 hours, cells were lysed and Luc activ- 
ity determined using a microtiter plate lumi- 
nometer and BriteLite Plus Reagent (Perkin 
Elmer). Neutralization titers are the antibody 
concentration in ug/ml or serum reciprocal 
dilution at which relative luminescence units 
(RLU) were reduced by 50% compared to RLU 
in virus control wells after subtraction of back- 
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ground RLU in cell control wells (C59 and 
IDso, respectively). 


Surface plasmon resonance (SPR) 


SPR experiments were performed on a BIACore 
T200. To determine apparent affinities, ap- 
proximately 300 RU (range 310 to 321 RU) 
of each antibody was captured on an anti- 
human IgFe immobilized Series S CM5 sensor 
chip (GE Healthcare). Serial dilutions of SOSIP 
Env was flowed over immobilized antibody 
in HEPES-buffered saline. To determine bind- 
ing affinity, biotinylated SOSIP gp140 was im- 
mobilized on streptavidin-coated sensor chips. 
Serial dilutions of antibody Fab were flowed 
over the Envy. Each concentration of Env was 
flowed over each immobilized antibody for 
120 s and dissociation was measured for 600 s. 
In between injections of each Env concentra- 
tion, the surface was regenerated by injecting 
glycine pH 2 for 30 s. Binding rate constants 
(Ka, ka) were measured after global curve fitting 
to a Langmuir model. Curve fitting analysis 
was performed with BiaEvaluation software 
(GE Healthcare) using a 1:1 Langmuir model, 
or a heterogeneous binding model when ap- 
propriate to derive rate (k,, ka) and apparent or 
true equilibrium dissociation constants (Ka). 


Serum IgG ELISA binding titers 


Avi-tag SOSIP capture or PGT151 SOSIP cap- 
ture ELISAs were performed as described 
(69). Protein (2 ug mI’) in sodium bicarbonate 
buffer was incubated in sealed Nunc-absorp 
(ThermoFisher) plates overnight at 4°C. Un- 
bound protein was washed away and the plates 
were blocked with SuperBlock for 1 hour. Serial 
dilution of serum or monoclonal antibodies 
were added to the plate for 90 min. Binding 
antibodies were detected with HRP-labeled 
anti-IgG Fe antibody. HRP was detected with 
3,3',5,5'-tetramethylbenzidine. Binding titers 
were analyzed as area-under-curve of the log- 
transformed concentrations. 


Serum IgG and monoclonal antibody 
competition ELISAs 


Serum IgG or monoclonal antibody compe- 
tition assays were performed as described 
(61, 70). In brief, Nuncsorp plates were coated 
with HIV-1 envelope, washed and blocked as 
stated above for direct ELISAs. After block- 
ing was complete, mouse serum was diluted in 
SuperBlock at a 1:50 dilution and incubated 
in triplicate wells for 90 min. For monoclonal 
antibody competitors, a dilution series start- 
ing at 100 ug ml” was incubated in triplicate 
wells for 90 min. Non-biotinylated monoclo- 
nal antibodies were incubated with the Env 
in triplicate as positive controls for blocking. 
To determine relative binding, no plasma or 
no antibody was added to a group of wells 
scattered throughout the plate. After 90 min, 
the non-biotinylated antibody or plasma was 
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washed away, and biotinylated monoclonal 
antibodies was incubated in the wells for 
1 hour at sub-saturating concentrations. Each 
well was washed, and binding of biotinylated 
monoclonal antibodies was determined with 
a 1:8000 dilution of horseradish peroxidase 
(HRP)-conjugated streptavidin. HRP was de- 
tected with tetramethylbenzidine and stopped 
with 1% HCl. The absorbance at 450 nm of 
each well was read with a Spectramax plate 
reader (Molecular Devices). Binding of the 
biotinylated monoclonal antibody to HIV-1 
envelope in the absence of plasma was com- 
pared to in the presence of plasma to calculate 
percent inhibition of binding. Based on his- 
torical negative controls, assays were consid- 
ered valid if the positive control antibodies 
blocked greater than 20% of the biotinylated 
antibody binding. 


Sortase A conjugation of HIV-1 envelope trimers 
to ferritin nanoparticles 


CH848 10.17DT SOSIP gp140 was expressed 
with amino acids LPSTGG encoded at its C 
terminus. The CH848 10.17DT SOSIP was ex- 
pressed in Freestyle293 cells and purified by 
affinity chromatography with broadly neu- 
tralizing trimer-specific antibody PGT151 as 
stated above. Trimeric gp140 was isolated by 
size-exclusion chromatography using a Superose6 
16_60 column. Ferritin particles were expressed 
with a (GGGGG)3 repeat sequence encoded 
at the N terminus of each subunit. For affinity 
purification of ferritin particles, 6xHis tags 
were appended to the C terminus. CH848 SOSIP 
with a C-terminal sortase A tag and ferritin 
particles with a sortase A N-terminal tag were 
buffer-exchanged into 50 mM Tris, 150 mM 
NaCl, 5 mM CaCly, pH 7.5. 120 uM SOSIP gp140 
was mixed with 120 uM ferritin subunits and 
incubated with 100 uM sortase A overnight at 
room temperature. After incubation, conju- 
gated particles were isolated from free ferritin 
or free SOSIP gp140 by size-exclusion chro- 
matography using a Superose6 16_60 column. 


Antibody binding to HIV-1 envelope by biolayer 
interferometry (BLI) 


Biolayer interferometry was performed as 
described (71). Antibodies were immobilized 
to anti-Fc sensor tips and incubated with 
50 ug ml” of Env SOSIP gp140-nanoparticle 
or SOSIP trimer solutions for 400 s. To com- 
pare binding profiles between Env SOSIP 
gp140 and Env SOSIP gp140 nanoparticles, 
BLI binding values were normalized to PGT151 
binding response by dividing each antibody 
binding response value by the PGT151 binding 
response value. 


Antigen-specific fluorescence-activated 
single B cell sorting 


To sort Env-specific memory B cells, spleno- 
cytes were incubated with the following 
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fluorochrome-antibody conjugates (all from 
BD Biosciences): FITC anti-mouse IgG1 (A85-1), 
FITC anti-mouse IgG2a/2b (R2-40), FITC anti- 
mouse IgG3 (R40-82), PE anti-mouse GL7 (GL7), 
PE-Cy7 anti-mouse IgM (R6-60.2), AlexaFluor700 
anti-mouse CD19 (1D3), BV510 anti-mouse IgD 
(11-26C.2a), and BV650 anti-mouse B220 (RA3- 
6B2). Cells were also labeled with BV421- and 
AF647-conjugated SOSIP trimers (CH848 10.17) 
to identify Env-specific memory B cells. Env- 
specific memory B cells were identified as 
viable B220‘CD19*IgM IgD GL7 IgG1/2/3* 
cells that bound both BV421- and AF64’7- 
conjugated SOSIP trimers. In some cases, the 
BV421-SOSIP contained the N332A mutation; 
in these samples Env-specific memory B cells 
were identified as those binding the AF647- 
CH848 10.17 wild-type SOSIP but not the 
BV421-N332A SOSIP mutant. Single cells were 
sorted on a BD FACS Aria II into wells of 
96-well PCR plates containing lysis buffer. 
Plates were immediately frozen and stored 
at -80°C. 


Antibody cloning by PCR 


Ig genes were amplified as described, with 
some modifications (72, 73). Ig genes from a 
single B cell were reverse-transcribed with 
Superscript III (ThermoFisher) using random 
hexamer oligonucleotides as primers. The com- 
plementary DNA was used to perform nested 
PCR for heavy and light chain genes using 
AmpliTaq gold (ThermoFisher). In parallel, 
PCR reactions were done with mouse Ig-specific 
primers and DH270 variable region-specific 
primers. In one reaction, mouse variable re- 
gion and mouse constant region primers were 
used. In a separate reaction, human variable 
region and mouse constant region primers 
were used. Positive PCR amplification of Ig 
genes was identified by gel electrophoresis. 
Positive PCR reactions were purified using 
the PCR clean-up kit (Qiagen). The purified 
PCR amplicon was sequenced with 4 uM 
of forward and reverse primers. Contigs of 
the PCR amplicon sequence were made, and 
genes were inferred with the human library 
and the mouse library in Cloanalyst (74). Anti- 
body genes were categorized as human or 
mouse according to which species had the 
closest sequence identity. A second aliquot of 
the purified PCR amplicon was used for over- 
lapping PCR to generate a linear expression 
cassette. The expression cassette was trans- 
fected with Effectene (Qiagen) into 293T 
cells. The supernatant containing recom- 
binant antibodies was cleared of cells by 
centrifugation and used for binding assays. 
The genes of selected heavy chains were 
synthesized as IgG1 (GenScript). Kappa and 
lambda chains were synthesized similarly. 
Plasmids were prepared for transient trans- 
fection using the Megaprep plasmid plus 
kit (Qiagen). 
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B cell receptor—dependent calcium flux 

in Ramos B cells 

Ramos B cell calcium flux was measured as 
described (75). Protein tetramers were formed 
at a 4:1 molar ratio of protein to streptavidin 
(Invitrogen). Ramos cell lines stably express- 
ing DH270 UCA, DH270.1, or CH65 IgM (76) 
were passaged (1:10) 4 days before calcium 
flux experiments. On the day of the experiment, 
cells with >95% viability were resuspended 
at 10° cells ml in 2:1 ratio of RPMI media 
(GIBCO) + FLIPR Calcium 6 dye (Molecular 
Devices). Cells were plated in a U-bottom 
96-well tissue culture plate (Costar) and incu- 
bated at 37°C 5% CO, for 2 hours. In a black 
clear-bottom 96-well plate (Costar) contain- 
ing 50 ul of RPMI media (GIBCO) + FLIPR 
Calcium 6 dye (Molecular Devices) (2:1 ratio) 
either 0.1 nmol of proteins or 50 ug ml” of 
anti-human IgM F(ab’)2 (Jackson Immuno) 
were added (based on a 100-1 volume). Using 
a FlexStation 3 multimode microplate reader 
(Molecular Devices), 50 ul of supernatant con- 
taining cells were transferred into the 50 ul 
of media containing protein or anti-human 
IgM F(ab’)2 (Jackson Immuno) and contin- 
uously read for 5 min. Relative fluorescent 
value units were background-subtracted and 
the data expressed as percentage of the IgM 
maximum signal (% IgM max). 


B cell receptor—dependent calcium flux 
in mouse B cells 


Calcium flux in murine B cells was evaluated 
as described (56). For experiments evaluating 
total splenic B cells, WT BL/6 and DH270 UCA 
double V;zDJq; homozygous and V;J;, homo- 
zygous KI splenocytes were collected, and total 
B cells were enriched using a mouse Pan-B cell 
isolation kit (Stemcell) according to manufac- 
turer’s instructions. Enriched Pan-B cells were 
stained by LIVE/DEAD Fixable Yellow Dead 
Cell Stain Kit (ThermoFisher Scientific) for 
30 min. For experiments evaluating splenic 
B cell subsets, single-cell suspensions were 
directly stained with cell surface marker 
combinations for spleen subfractionation into 
transitional-B and mature-B subsets including 
0.5 ug mI~ of anti-B220-BV786 (catalog #563894), 
anti-CD19 APCR700 (catalog #565473), and 
anti-CD93 BV650 (catalog #563807). For both 
sets of experiments, prestained B cells were 
loaded with Fluo-4 via thorough washes in 
HBSS, followed by mixing with equal volumes 
of 2x Fluo-4 Direct calcium reagent loading 
solution (Fluo-4 Direct Calcium Assay Kits, 
ThermoFisher Scientific). After sequential 30-min 
incubations at 37°C and room temperature, 
cells were washed and incubated with LIVE/ 
DEAD staining buffer for 30 min and resus- 
pended in calcium-containing HBSS and incu- 
bated at room temperature for 5 min, before 
being activated by 25ug ml” anti-IgM F(ab’). 
(Southern Biotech). Fluo-4 data for B cells were 
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acquired on a BD LSR II flow cytometer and 
analyzed by FlowJo software. 


T cell and B cell phenotyping 
of murine splenocytes 


To analyze B cell phenotypes in the DH270 
UCA and CH235 UCA Vy; + Vz, KI mice, spleens 
were dissected from the mice and dissociated 
by grinding into cell suspension by mechanical 
disruption with a syringe plunger on a 70-um 
cell strainer. Single-cell suspensions of mouse 
spleens were prepared then treated with am- 
monium chloride lysis solution or with red 
blood cell lysing buffer (Sigma R7757) to lyse 
red blood cells. Cells were counted on a Countess 
(ThermoFisher). For enumeration of germinal 
center B cells, cells were incubated with optimal 
concentrations of the following fluorochrome- 
antibody conjugates (all from BD Biosciences): 
PE anti-mouse GL7 (GL7), PE-CF594 anti- 
mouse CD93 (AA4.1), AlexaFluor700 anti-mouse 
CD19 (1D3), BV605 anti-mouse CD95 (Jo2), 
BV650 anti-mouse B220 (RA3-6B2), and BV711 
anti-mouse CD138 (281-2). Cells were subse- 
quently labeled with Live/Dead Fixable Near- 
IR Dead Cell Stain (ThermoFisher) to allow 
exclusion of dead cells from analysis. Germi- 
nal center B cells were identified as viable 
CD138 B220*CD19*CD93 GL7*CD95" cells. To 
enumerate Tfh cells, splenocytes were stained 
with the following antibody conjugates (all 
from BD Biosciences or Biolegend): FITC anti- 
mouse CD4 (RM4-5), PE anti-mouse CD25 
(7D4), PE-CF594 anti-mouse PD1 (J43), PE- 
Cy5 anti-mouse TER119 (TER119), PE-Cy7 anti- 
mouse CD62L, Biotin anti-mouse CXCR5 (2G8), 
AlexaFluor700 anti-mouse CD8 (53-6.7), BV421 
anti-mouse CD127 (SB/199), BV510 anti-mouse 
CD3 (145-2C11), BV570 anti-mouse CD11b 
(M1/70), BV650 anti-mouse NK1.1 (PK136), BV711 
anti-mouse CD44: (IM7), and BV786 anti-mouse 
B220 (RA3-6B2). Tfh cells were identified as 
viable TER119 B220 NK1.1CD3*CD4*CD8™ 
CD62L°CD44"CD25 PD1*CXCR5™ cells. After 
cell labeling, cells were fixed in 2% formaldehyde. 
Cells were acquired on a BD LSRII cytometer 
and analyzed with FlowJo version 10 software. 
To generate the data shown in figs. S7 and $23, 
splenocytes were stained with the following 
antibodies: APC anti- B220 (eBioscience 17-0452- 
83), PE anti-Thy1.2 (PharMingen 553006), PE 
anti-IgM (eBioscience 12-5790-83), PE anti-IgM* 
(PharMingen 553517), PE anti-Igi (Biolegend 
407308), FITC anti-IgD (BD PharMingen 553439), 
FITC anti-IgM? (PharMingen 553520), FITC anti- 
Ig« (1050-02) and viability dye, Sytox blue 
(Life Technologies S34857). The stained cells 
were analyzed on Attune NxT flow cytometer 
from Invitrogen and the data were analyzed 
with FlowJo10 software. During the analysis, 
a lymphocyte gate was drawn on FSC and 
SSC plot. Within this population, Sytox blue- 
negative live cells were gated. Single cells were 
gated on the next FSC-H and FSC-A plot. The 
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staining pattern of these single cells are shown 
in figs. S7A and S23A. B220* B cells were fur- 
ther gated on single cells, and the staining pat- 
terns of B220* B cells are shown in figs. $7, B to 
D, and S23, B to D. 


Cryo-EM data collection and processing 


To prepare Env complexes, CH848 10.17DT. 
SOSIP trimer at a final concentration of 1 mg 
ml‘ was incubated with 4- to 6-fold molar ex- 
cess of the DH270 Fab fragments for 30 to 
60 min. To prevent aggregation during vitrifi- 
cation, the sample was incubated in 0.085 mM 
dodecyl-maltoside (DDM). The specimen was 
vitrified by applying 2.5 ul of sample to freshly 
plasma-cleaned Quantifoil R 1.2/1.3 300-mesh 
Cu holey carbon grids, allowing the sample to 
adsorb to the grid for 60 s, followed by blotting 
with filter paper and plunge-freezing into liquid 
ethane using the Leica EM GP cryo-plunger 
(Leica Microsystems) (20°C, >90% relative hu- 
midity). For the DH270 UCA and DH270.6 
complexes, data were acquired using the EPU 
automated data-acquisition program. Images 
were collected on a Titan Krios (Thermo Fisher) 
operating at 300 keV equipped with a Falcon III 
direct electron detector operating in counting 
mode. For the DH270 UCA and DH270.6 com- 
plexes, 3383 and 2844 movies, respectively, 
were collected at a magnification of '75,000x 
with a physical pixel size of 1.08 A per pixel 
using a nominal defocus range of -1.25 to -3 um. 
Each movie (30 frames) was acquired using a 
dose rate of ~0.8 e /pixel/s and a total expo- 
sure of 42 e/A”. 

For the DH270.mul complex, data were ac- 
quired using the Gatan Latitude data collec- 
tion software installed on a Titan Krios electron 
microscope operating at 300 kV and fitted 
with a Gatan K3 direct detection device op- 
erating in counting mode. We collected 3009 
movies at a nominal magnification of 22,500x 
with a physical pixel size of 1.07 A per pixel 
using a nominal defocus range of -1.25 to 
-3 um. Each movie (60 frames) was acquired 
using a dose rate of ~1.01 e /pixel/s and a total 
exposure of 60.6 e /A’. 

For the DH270 UCA and DH270.6 com- 
plexes, motion correction and dose weighting 
were performed using MotionCor?2 (77). For 
the DH270.mul1 complex, motion correction 
and dose weighting were performed using 
Unblur (78). CTF was estimated using CTFFIND4 
(79). Particles were picked using the Laplacian- 
of-Gaussian function in RELION-3 (80). These 
particles were imported into cryoSparc v2 (87), 
2D classification was performed, and selected 
2D classes representing different views of the 
complex were used for template-based particle 
picking in cryoSparc. Following further 2D 
classifications to remove junk, ab initio recon- 
struction and classification was performed 
using Cl symmetry. A 3D class was identified 
with three antibody Fabs bound symmetri- 


Saunders et al., Science 366, eaay7199 (2019) 


cally to the HIV-1 Env trimer. This initial model 
was refined using C3 symmetry against the 
clean stack of particles. Overall map resolution 
was reported according to the FSCo.43 gold- 
standard criterion (82). 


Cryo-EM model fitting 


Fits of HIV-1 trimer and Fab to the cryo-EM 
reconstructed maps were performed using 
Chimera (www.rbvi.ucsf.edu/chimera) (83). 
BG505 SOSIP trimer structure (PDB ID 5YFL) 
was used for the trimer fits and the coordinates 
of DH270 UCA3 (PDB ID 5U15) and DH270.6 
(PDB ID 5TQA) were used for fitting the Fab 
in the DH270 UCA and DH270.6 complex 
structures, respectively. The sequences were 
replaced with those of the CH848 10.17DT 
SOSIP trimer using Coot (84). The coordinates 
were further fit to the electron density first 
using Rosetta (85), followed by an iterative 
process of manual fitting using Coot and real- 
space refinement within Phenix (86). Mol- 
probity (87) and EMRinger (88) were used 
to check geometry and evaluate structures at 
each iteration step. Figures were generated in 
UCSF Chimera and PyMOL (PyMOL Molecu- 
lar Graphics System, Version 2.0; Schrédinger 
LLC). Map-fitting cross correlations were cal- 
culated using Fit-in-Map feature in UCSF 
Chimera. Local resolution of cryo-EM maps 
was determined using RELION. 


Negative-stain electron microscopy 
of HIV-1 envelope 


Electron microscopy was performed as de- 
scribed (62). 


Differential scanning calorimetry 


Envelope thermal denaturation profiles were 
determined as described (89). Envelope pro- 
files were generated in HEPES-buffered saline 
(HBS; 10 mM HEPES, 150 mM NaCl pH 7.4) 
at concentrations ranging from 0.2 to 0.4mg 
ml‘ using the NanoDSC platform (TA in- 
struments, New Castle, DE). The observed, 
irreversible denaturation profiles were buffer- 
subtracted, converted to molar heat capacity, 
baseline-corrected with a sixth-order polyno- 
mial, and fit with three Gaussian transition 
models using the NanoAnalyze software (TA 
Instruments). The primary transition temper- 
ature (T,,) is reported as the temperature at 
the maximum observed heat capacity. 


High-throughput heavy chain variable 

region sequencing 

RNA was extracted from total splenocytes post- 
sixth immunization using the Qiagen RNeasy 
Mini isolation kit (Qiagen) and used for reverse 
transcription with random hexamer primers 
for cDNA synthesis. After cDNA synthesis, the 
DH270 or CH235 UCA KI Ig genes were am- 
plified by PCR using a forward primer that 
anneals in the IGHV1 leader sequence and 
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two reverse primers that anneal in the mouse 
IgG1/2 and IgG3 constant region sequences 
to amplify all human encoding IGHV1 IgG 
sequences. All primers have leading sequences 
that match Illumina adapter sequences for 
Nextera amplification. A second PCR step was 
performed to add Nextera index sequencing 
adapters (Illumina) and libraries were purified 
and size-selected by AMPpure bead cleanup. 
Libraries were quantified by quantitative PCR 
using the KAPA SYBR FAST qPCR kit (KAPA 
Biosystems) and sequenced using the lumina 
Miseq V2 2x 300-bp kit. 


Antibody sequence analysis 


NGS reads from immunized mice were as- 
sembled using FLASh (90), quality filtered 
using the FASTX toolkit (http://hannonlab. 
cshl.edu/fastx_toolkit/), and deduplicated and 
aligned to their respective UCA sequence using 
in-house-developed bioinformatics programs. 
NGS reads were immunogenetically annotated 
using Cloanalyst (97) and sequences that were 
deemed nonfunctional (out-of-frame, missing 
invariant residues or CDRs) were discarded 
from analysis. Probability of mutations was 
estimated using the ARMADiLLO (Antigen 
Receptor Mutation Analyzer for Detecting 
Low Likelihood Occurrences) program (10). 
Briefly, given a UCA sequence and the num- 
ber of mutations observed in the antibody 
sequence of interest, ARMADiLLO simulates 
somatic hypermutation based on a model of 
AID targeting and base substitution (92) and 
uses these simulations to estimate the prob- 
ability of an amino acid at a specific position. 


Mathematical modeling of improbable mutation 
acquisition with vaccination 


We model the acquisition of improbable muta- 
tions as a Poisson process with rate parameter, 
i, in which the average number of improb- 
able mutations is 1 in a time interval T of 
12 weeks based on the number of improbable 
mutations observed for the mice immunized 
biweekly in this study. For simplicity, here we 
assume improbable mutations are acquired at 
a constant rate in the absence of targeted se- 
lection during vaccination, although evolu- 
tionary rates of B cell lineages are known to 
fluctuate during infection (49). The probability 
of & or fewer Poisson-distributed events occur- 
ring within a time interval is a function of the 
cumulative density of the Poisson distribution: 
k ri 

P(Xsk) = em(—4) >, 7 
The Poisson cumulative distribution function 
can be expressed using the regularized in- 
complete gamma function Q as 


P(X<k) = Q[(k-1),4) = a 
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The probability of X or more events occurring 
in the time interval is then 


P(X2k) =1— Q(k,A) 


which can be solved for numerically using 
the inverse incomplete regularized gamma 
function, 


= QU1— P(Xe2k), k] 


The total time to acquire & or more mu- 
tations is then AT. 


The probability of acquiring at least k = 4 


improbable mutations given a rate parameter 
of 1 improbable mutation every 12 weeks is 
plotted as a function of time in fig. S19C. For 
P(X = 4) = 0.99, the number of 12-week inter- 
vals is 10.05 to acquire at least four improbable 
mutations. Thus, mice would need to be im- 
munized biweekly for ~120 weeks in order to 
achieve 99% probability of acquiring at least 
four improbable mutations. 


Quantification and statistical analysis 


The statistical analyses for this paper were per- 
formed in SAS 9.4 to calculate exact Wilcoxon 
tests for group comparisons. Due to the ex- 
ploratory nature of this research and the small 
sample size, we are using an alpha level of 
0.05 as a descriptive level for significance 
and have not made any adjustments to con- 
trol for multiple testing. For group sizes less 
than 5, no paired-sample comparisons were 
performed due to the small sample size; only 
descriptive statistics are provided in these 
instances. 
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INTRODUCTION: HIV newly infects 1.8 million 
people each year, making development of an 
HIV vaccine a global health priority. Nearly 
all licensed vaccines protect by inducing anti- 
bodies, but highly variable pathogens such as 
HIV and influenza virus have eluded tradi- 
tional vaccine strategies. The discoveries of 
broadly neutralizing antibodies 
(bnAbs) that bind to conserved epi- 
topes on the surface proteins of these 
viruses have inspired vaccine design 
strategies to induce bnAbs. Antibodies 


to other pathogens, will need to work with 
HCDR3-dependent antibodies. However, the 
need to design germline-targeting immu- 
nogens to initiate HCDR3-dependent bnAb 
responses faces major technical challenges. Al- 
though each B cell expresses a single unique 
antibody, different B cells produce diverse 


Target antibody Determine key 


enable structural 


genetic features of 
target antibody that 


antibodies encoded by different combinations 
of antibody genes, with the greatest antibody 
genetic diversity encoded in the HCDR3 por- 
tion of the molecule. The exceptional diversity 
in the human B cell repertoire makes any sin- 
gle HCDR3 sequence an impractical vaccine 
target. Rather, a pool of precursors sharing a 
set of bnAb-associated genetic features must 
be identified and targeted. Thus, owing to 
the enormous diversity of human antibodies, 

a germline-targeting im- 
munogen should have af- 
finity for diverse bnAb 
precursors in order to suc- 
ceed in diverse vaccine 
recipients. 


Read the full article 
at http://dx.doi. 
org/10.1126/ 
science.aax4380 


RESULTS: Herein we report a solution to the 
above challenges. Using the strongly HCDR3- 
dependent bnAb BG18 that binds a conserved 
site on HIV Env as a high-value target and a 
proof of principle, we demonstrate a method 
to identify pools of potential bnAb precursors 
in an ultradeep human antibody sequence 
database, guided by key genetic fea- 
tures that enable bnAb structural 
recognition of the antigen. We then 
use a representative set of those 
potential bnAb precursors as design 


are produced by B cells, and highly ; y oe of targets to guide our engineering of 
effective antibodies like bnAbs acquire een HIV Env immunogens that bind to 
affinity-enhancing mutations when a diverse potential bnAb precursors. 


bnAb-precursor B cell mutates and 
matures from the original naive B cell 
(or germline) state. Among several 
new vaccine strategies, germline- 
targeting vaccine design aims to 
induce bnAbs by first stimulating 
bnAb-precursor B cells and then 
shepherding B cell affinity matura- 
tion with a series of rationally de- 
signed boosting immunogens. A key 
rationale for this strategy is that 
germline-reverted forms of bnAbs— 
precursors with all recognizable 
amino acid mutations reverted to 
germline—typically have no detect- 
able affinity for HIV envelope (Env). 
Thus, for a vaccine to initiate bnAb 
induction, a germline-targeting prim- 
ing immunogen with appreciable 
affinity for bnAb precursors must be 
engineered. 


RATIONALE: Most HIV bnAbs (and 
most antibodies to any patho- 
gen) bind to their target by using 


Using bioinformatics, 
identify diverse potential 


Talal * 


T ° T e T e precursors for target 
TTT . antibody in ultradeep 
human antibody 


grate sequence database 


Design immunogen 
for breadth of 
reactivity to diverse 
precursors 


Use immunogen as bait y Priming of rare 


to isolate potential precursors in vivo 
bnAb precursors from 
human B cells 


Structural validation 
of precursor binding 


B cell 7 


response 


Lastly, we provide critical preclini- 
cal validation of immunogen design 
by assessing these immunogens for 
(i) their ability to select rare poten- 
tial bnAb-precursor naive B cells from 
the blood of healthy human donors, 
Gi) their modes of binding to bnAb 
precursors, and (iii) their capacity 
to prime rare bnAb-precursor B cells 
with physiologically relevant affin- 
ities in a mouse model. 


CONCLUSION: Overall, we demon- 
strate a new approach to defining 
diverse precursors for a target anti- 
body and designing vaccine immu- 
nogens that take advantage of that 
information. The approach lays out 
a generalizable pathway for the de- 
velopment and preclinical validation 
of germline-targeting immunogens 
to stimulate precursors for HCDR3- 
dependent antibodies. 


their heavy chain complementarity- 
determining region 3 (HCDR3) as a 
major binding determinant. Hence, 
an optimal HIV vaccine that induces 
multiple bnAbs, and a general solu- 
tion to germline-targeting vaccine 
design that could be applied broadly 


Steichen et al., Science 366, 1216 (2019) 


General strategy for germline-targeting vaccine design. Four key steps 
are defined here for design and validation of germline-targeting immunogens: 
structural and genetic understanding of target antibody-antigen 
interaction, identification of diverse antibody precursors, design 

of an immunogen to bind diverse precursors, and preclinical immunogen 
validation by isolating human B cell binders, assessing structural interaction 
with precursors, and stimulating responses in transgenic mice. 
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Vaccine induction of broadly neutralizing antibodies (bnAbs) to HIV remains a major challenge. Germline- 
targeting immunogens hold promise for initiating the induction of certain bnAb classes; yet for most 
bnAbs, a strong dependence on antibody heavy chain complementarity-determining region 3 (HCDR3) 
is a major barrier. Exploiting ultradeep human antibody sequencing data, we identified a diverse set 

of potential antibody precursors for a bnAb with dominant HCDR3 contacts. We then developed HIV 
envelope trimer—based immunogens that primed responses from rare bnAb-precursor B cells in a mouse 
model and bound a range of potential bnAb-precursor human naive B cells in ex vivo screens. Our 
repertoire-guided germline-targeting approach provides a framework for priming the induction of many 
HIV bnAbs and could be applied to most HCDR3-dominant antibodies from other pathogens. 


IV infects 1.8 million new people each 

year, making development of an HIV 
vaccine a global health priority (7). Nearly 

all licensed vaccines protect by inducing 
antibodies, but highly antigenically varia- 

ble pathogens such as HIV and influenza virus 
have eluded traditional vaccine strategies (2, 3). 
The discoveries of broadly neutralizing anti- 
bodies (bnAbs) that bind to relatively con- 
served epitopes on viral surface proteins have 
inspired new vaccine design strategies (4, 5). 
Antibodies are produced by B cells and ac- 
quire affinity-enhancing mutations when the 
B cell mutates and matures from the original 
naive (or germline) state. Germline-targeting 
HIV vaccine design aims to induce bnAbs by 
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first priming bnAb-precursor B cells and then 
shepherding B cell affinity maturation with a 
series of rationally designed boosting immu- 
nogens. A key rationale for this strategy is that 
germline-reverted forms of bnAbs—precursors 
with all recognizable amino acid mutations 
reverted to germline—typically have no detect- 
able affinity for HIV envelope (Env) proteins. 
Thus, for a vaccine to initiate bnAb induction, a 
germline-targeting priming immunogen with 
appreciable affinity for bnAb precursors must 
be engineered. Most HIV bnAbs (and most anti- 
bodies to any pathogen) bind to their target 
by using their heavy chain complementarity- 
determining region 3 (HCDR3) as a major 
binding determinant. Hence, an optimal HIV 
vaccine that induces multiple bnAbs to differ- 
ent HIV Env sites, and a general solution to 
germline-targeting vaccine design that could 
be applied broadly to other pathogens, will 
need to work with HCDR3-dependent anti- 
bodies. Many advances have been made in 
developing germline-targeting immunogens 
to prime precursors for one particular class of 
bnAbs (i.e., VRCO1-class bnAbs) (6-15), and at 
least one such immunogen has entered hu- 
man clinical testing (16). However, VRCO1-class 
bnAbs represent a specialized case in which 
non-HCDR3 features are the main determi- 
nants of antibody specificity and affinity (6-15). 

The need to design germline-targeting im- 
munogens to initiate HCDR3-dependent bnAb 
responses brings new challenges. Although 
each B cell expresses a single unique antibody, 
different B cells produce diverse antibodies 
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encoded by different combinations of antibody 
genes, with additional variation at junctions 
between genes, and the greatest antibody di- 
versity is encoded in the HCDR3 portion of 
the molecule. The exceptional diversity in 
the human B cell repertoire makes any single 
bnAb-precursor HCDR3 sequence an imprac- 
tical vaccine target. Rather, a pool of precur- 
sors sharing a set of bnAb-associated genetic 
features must be identified and targeted. Thus, 
owing to the antibody diversity in humans, a 
germline-targeting immunogen should have 
affinity for diverse bnAb precursors in order to 
succeed in diverse vaccine recipients. 


Strategy for immunogen design and testing 


We report a potential solution to the above 
challenges. We selected the bnAb BG18 (J7, 18) 
as a test case for a high-value vaccine design 
target, because BG18 is the most potent bnAb 
directed to the Asn®”” (N332) supersite, one of 
the major bnAb sites on HIV Env, and BG18 
lacks insertions or deletions (indels) and there- 
fore may be easier to induce than other bnAbs 
that require indels (see the supplementary 
materials) (19). Using the strongly HCDR3- 
dependent bnAb BGI18 (17, 18), we demonstrate 
a method to identify pools of bnAb potential 
precursors and use them as design targets to 
engineer HIV Env trimer immunogens that 
bind diverse bnAb potential precursors. We 
then provide preclinical validation by assess- 
ing these immunogens for (i) their ability to 
select rare bnAb potential precursor naive 
B cells from the blood of HIV-seronegative 
human donors, (ii) their modes of binding to 
bnAb precursors, and (iii) their capacity to 
prime rare bnAb naive precursors with hu- 
man physiological affinities in a mouse model 
(fig. S1). 


Precursor frequency analysis 


Crystal structures of BG18 bound to HIV Env 
trimers indicated a BG18 binding mode in 
which the HCDR3 engages the conserved Gly- 
Asp-Ile-Arg (GDIR) motif at the base of the V3 
loop like the bnAb PGT121 while the HCDR1 
contacts the relatively conserved N332 glycan 
and the light chain (LC) straddles the V1 loop 
of gp120, unlike PGT121 (78). This binding 
mode was corroborated by (i) structural model- 
ing (fig. S2, A to D); (ii) a 4.4-A resolution cryo- 
electron microscopy (cryo-EM) structure of 
BG18 bound to an HIV Env trimer (Fig. 1A, 
fig. S3, and table S2); (iii) mutagenesis studies 
(fig. S2, E to F); and (iv) structural model- 
guided design of a minimally mutated BG18 
bnAb (minBG18) that retained ~67% of the 
neutralization breadth of BG18 with only 11% 
amino acid mutations in the variable (V) gene 
regions of immunoglobulin heavy and light 
chains (Vj and V;) compared with ~30% for 
BGI8 (fig. S4). The successful design of minBG18 
provided an additional rationale for BG18 
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Fig. 1. Engineering germline-targeting trimers for an HCDR3-dependent bnAb. (A) Cryo-EM structure of 
BG18 (HC, purple; LC, cyan) bound to the BG505 MD39 Env trimer (gray, with N332 and N392 glycans 
shown as green sticks), and conserved residues near the base of V3 (Gly**, Asp“, Ile**°, Arg??’, Gin?2°, 
Ala? His*°° Thr’, Leu*!®, and Pro*”” colored red). (B) Cryo-EM structure of BG18 iGLo in complex with the 
N332-GT2 Env trimer with MD64-stabilizing mutations (23). The coloring is the same as in (A). (C) Schematic 
of the directed evolution process to design N332-GT1, -GT2, and -GT5. (D) N332-GT binding affinities (Kq) 
for BG18 iGLp to BG18 iGL» (red), BG18 iGL; with alternate germline V, (blue open symbols) or Vy, genes 
(blue filled symbols), and BG18 iGL containing NGS-derived HCDR3s (prel to prel5) (black). MD39 is 
the reference Env trimer with no germline-targeting mutations. Pre8 was found to be highly polyreactive 
and was not included in the analysis. Solid black, blue, and red lines indicate the geomean Kgs for 
NGS-derived precursors, alternate V}, and V_ precursors, and inferred germline precursors, respectively. 


The dashed line indicates the limit of detection. 


vaccine targeting, namely that the high mutation 
level in BG18 itself is not required to achieve 
substantial neutralization breadth and potency 
in a BG18-like response. The elucidation of the 
BGI18 binding mode by these studies enabled 
structure-guided immunogen design. 
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To assess the extent to which BG18-like pre- 
cursor HCDR3s are present in the general 
population, we used a bioinformatics approach 
to search a custom next-generation sequencing 
(NGS) dataset of 1.1 x 10° sequences of human 
B cell receptor (BCR) heavy chains (HCs) from 
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14 healthy, HIV seronegative donors [8.58 x 
108 sequences from four donors were obtained 
in this work (20) and were combined with 
2.55 x 10° sequences from 10 donors from 
(21)]. Informed by our structural model for 
the BG18-Env interaction, we searched for 
BG18-like HCDR3 sequences with the same 
length as BG18, the same D gene in the same 
reading frame and position within the HCDR3, 
and the same heavy chain joining region (J};) 
gene, allowing for diverse V-D and D-J junc- 
tions. Such BG18-like HCDR3 sequences were 
identified in all 14 donors (fig. S5), encourag- 
ing us to proceed with vaccine design. We 
further hypothesized that a range of BG18- 
like bnAbs utilizing alternate Vj; or Vj, genes 
could potentially interact with Env in a simi- 
lar HCDR3-dependent binding mode. This hy- 
pothesis was subsequently supported by our 
ability to engineer BG18-like bnAbs utilizing 
three alternate V;, genes (V;3-1, V,3-21, and 
V,,2-8) and two alternate Vy genes (Vyq4-59 
and V;;4-61) (fig. S6). Identification of diverse 
BG18-like precursor HCDR3s from NGS data, 
and construction of BG18-like bnAbs with al- 
ternate V}; or Vz; genes, led us to target a broad 
range of BG18-like precursors in the germline- 
targeting design process. 


Design and antigenic analysis of immunogens 


Germline-targeting immunogen design was 
carried out using a directed evolution method 
for engineering trimers on the surface of mam- 
malian cells (22, 23). We considered that it 
would be important to overcome the limita- 
tions of using only inferred-germline (iGL) 
antibodies (BG18 iGLo to iGLg, fig. S5B) for 
the directed evolution of a germline-targeting 
immunogen with strong HCDR3 contacts. We 
reasoned that the germline-targeting design 
process directed to only iGL antibodies may 
fail to produce immunogens with appreciable 
affinity for diverse naive precursors. iGL anti- 
bodies contain bnAb HCDR3 junctions that 
have been selected and most likely somatically 
mutated for high-affinity Env binding during 
bnAb affinity maturation. Therefore, such iGL 
antibodies may have features not present in 
the human antibody sequence repertoire. Fur- 
thermore, iGL antibodies likely underrepresent 
the diversity of potential precursors. We there- 
fore designed a set of 15 BG18-like precursor 
antibodies that use BG18 germline-reverted 
genes but contain naive human BG18-like 
HCDR3s with diverse junction regions identi- 
fied in our search of NGS data described above 
(fig. S5B). On the basis of our finding that 
BG18-like bnAbs can utilize alternate Vj; and 
Vi, genes, we produced 10 additional BG18-like 
precursor antibodies with alternate Vy or Vz, 
(fig. S7). This gave us 28 potential BG18-like 
precursors that could be used as selection 
reagents for directed evolution and multitar- 
get optimization of Env trimer immunogens 
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capable of binding and priming a broad range 
of BG18-like precursor B cells. 

Seven Env mammalian cell-surface display 
libraries, encoding amino acid variation within 
and around the BG18 epitope, were screened 
iteratively (20). At each stage, selection anti- 
bodies were used to isolate the highest affinity 
clones from the library, and the best mutations 
were incorporated into the next-generation 
Env immunogen. The first library was based 
on a previously described immunogen, 11mutg 
(22), that had weak but detectable affinity for 
BGI18 iGLy, the first selection antibody used 
(Fig. 1C, fig. S8, table S1, and supplementary 
text). In the early iterations, libraries were 
screened against the least challenging selec- 
tion antibodies (e.g., BG18 iGL), whereas in 
later stages, the libraries were screened against 
more difficult antibody targets (e.g., NGS- 
derived and alternate Vy or Vy; precursors) 
(Fig. 1C, figs. S5 and $7, and table S1). This 
directed evolution design process resulted in a 
series of germline-targeting Env trimers with 
increasing affinity for BG18 precursors (N332- 
GTI, -GT2, and -GT5; Fig. 1, C and D, fig. S8, 
and table S1). The N332-GT5 trimer bound 
with a dissociation constant (Kg) of ~2 pM to 
BG18 iGL,, which represented a ~14 million- 
fold improvement over the initial protein de- 
sign, 1Imutg. More importantly, whereas the 
14 NGS-derived precursors tested had un- 
detectable affinity to the initial protein design 
(and undetectable affinity for native HIV Env 
trimer MD329, Fig. 1D), the design process 
resulted in 11 of 14 acquiring affinity to N332- 
GT2 (geomean Kg = 519 nM, Fig. 1D) and 12 
of 14 binding to N332-GT5 (geomean Kg = 
234 nM, Fig. 1D). [One of the 15 NGS-derived 
precursors was found to be highly polyreac- 
tive and was therefore not included in our 
surface plasmon resonance (SPR) analyses]. 
Additionally, although only 3 of 10 alternate 
Vy or Vy precursor antibodies bound the 
starting protein design with low affinity (Kg > 
10 uM) and none bound native HIV Env trimer 
(Fig. 1D), all 10 bound to N332-GT2 and N332- 
GT5 trimers, with robust affinities (geomean 
Ka =11nM and 572 pM, respectively, Fig. 1D). 
A Ka < 1uM may represent an affinity bench- 
mark for generating robust germinal center 
(GC) responses from rare B cell precursors 
in the presence of polyclonal competitors in vivo 
(24), and 20 of 27 potential bnAb precursors 
bound to the N332-GT5 Env trimer with 
affinities of Kg < 1 uM (Fig. 1D). Thus, the 
design process succeeded in extensively im- 
proving the immunogen binding properties 
to potential bnAb precursors with diverse 
HCDR3s and a variety of Vy and V, genes. 


Immunogen structural analysis 


A cryo-EM-derived structure of BG18 iGLo 
complexed with the N332-GT2 trimer at ~3.9-A 
resolution (Fig. 1B and table S2) showed that 
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BGI18 iGL) HCDR3 made a similar interaction 
to the base of the V3 as the HCDR3 of mature 
BGI18 bound to the native-like trimer MD39 
(Fig. 1A). Most of the additional interactions 
of BG18 iGLp complexed with N332-GT2 arise 
from V1 mutations in N332-GT2 that occupy a 
groove in the LC and also contact HCDR3 (figs. 
S9 and S10). HCDR3 dominates the interac- 
tion in the BG18 iGL, complex with N332-GT2, 
accounting for 64% of the total buried surface 
area. In the mature BG18 complex with the 
MD39 Env trimer, HCDR3 maintains the same 
key interactions and contributes 35% of the 
total buried area as the antibody makes sub- 
stantially increased contacts to glycans N332, 
N392, and N137 (table S3). Overall, cryo-EM 
structures showed that N332-GT2 binds to 
BGI18 iGLo with a similar HCDR3-dependent, 
Vi-straddling binding mode as the BG505 
MD329 Env trimer does with BG18. 


Immunogenicity testing in a mouse model 
with rare bnAb precursors 


To test the immunogenicity of the N332-GT2 
Env trimer, we used a BG18*"' knock-in mouse 
engineered with a CRISPR-Cas9 rapid target- 
ing strategy, in which ~30% of B cells express 
the BG18 iGL, HC variable region and mouse 
constant region paired with mouse LCs (25). 
The N332-GT2 Env trimer (but not MD39) 
bound to 12 + 1% of naive B cells in this mouse 
compared with 0.06 + 0.01% in wild-type (WT) 
(C57BL/6) mice, demonstrating N332-GT2 
specificity for BG18®" naive B cells (Fig. 2, A 
and B). Antigen-specific single-B cell sorting 
and BCR sequencing demonstrated that the 
N332-GT2-specific naive BG18*" B cells carry 
a variety of mouse LCs paired with BG18®" 
(Fig. 2C). Furthermore, N332-GT2 had similar 
affinities for naive BG18®" B cell Fabs (geomean 
Ka of 582 nM) as for NGS-derived human 
BG18-like precursors (geomean Kg of 519 nM), 
showing the physiological relevance of the BG18- 
like precursor affinities in this mouse model. 
To generate a mouse model with rare bnAb 
precursor B cells, we carried out adoptive 
transfer experiments in which 5000 CD45.2 
BG18*"' B cells were transferred to CD45.1 WT 
mice on day -1, establishing a frequency of ap- 
proximately seven GT2**/KO™ BG18*" CD45.2 
B cells per million CD45.1 B cells by day 0 (fig. 
S11) (KO indicates knockout). Control transfers 
were 50,000 CD45.2 WT B cells. Previously, we 
constructed ferritin nanoparticles (NPs) that 
displayed up to eight copies of MD39 native- 
like trimers (26), and mouse immunization 
studies showed that such NPs were superior 
to MD39 trimers in trafficking to follicular 
dendritic cell networks, concentrating in GCs, 
and eliciting immunoglobulin G (IgG) re- 
sponses (27). We therefore engineered ferritin 
NPs displaying N332-GT2 trimers (fig. S12). 
Recipient mice were immunized at day 0 with 
either N332-GT2-NPs or control NPs display- 
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ing MD39 trimers lacking GT mutations, for a 
total of four immunization conditions (BGI18"" 
or WT B cells transferred, N332-GT2- or MD39- 
NPs immunized). Splenocytes were analyzed 
by flow cytometry at day 8 (Fig. 2, D and E, and 
fig. S13). GC B cells (CD38°“CD95*) were detected 
in all four immunization conditions, but CD45.2 
GC B cells were detected only in the case of 
N332-GT2-NP immunization of BG18°" B cell 
recipients, demonstrating that N332-GT2-NPs 
activated rare BG18®" B cells in vivo but MD39- 
NPs did not (Fig. 2D). N332-GT2-NPs induced 
CD45.2 GC B cells that bound to N332-GT2 but 
not to N332-GT2-KO (Fig. 2E) and were thus 
epitope-specific, consistent with a BG18-like 
response. By contrast, the same NPs induced 
considerably weaker epitope-specific responses 
among host CD45.1 GC B cells (Fig. 2E). In 
day 14 serum-binding analyses, N332-GT2-NPs 
induced strong epitope-specific IgG responses 
in BG18s®" B cell recipients and 15-fold weaker 
epitope-specific responses in WT B cell recip- 
ients (Fig. 2F), qualitatively consistent with the 
day 8 GC data. This demonstrated that acti- 
vation of rare BG18®" precursor B cells led to 
potent serum antibody responses and also 
showed that WT B cells responded to the BG18 
epitope on N332-GT2. By contrast, MD39-NPs 
induced negligible BG18 epitope-specific serum 
responses in either BG18*"' or WT B cell recip- 
ients (Fig. 2F). Together, these results demon- 
strated that N332-GT2-NPs elicited GC and 
antibody responses from rare BG18®" B cells. 

By single-cell sorting and BCR sequencing 
CD45.2*/N332-GT2**/KO™ GC B cells from 
BG18*" recipient mice immunized with N332- 
GT2-NPs, we obtained HC-LC pairs at days 8 
and 42. Of the HCs, 100% were derived from 
BG18*", formally proving that these GC re- 
sponses utilized the knock-in HC (Fig. 2G). 
In contrast to the wide variety of mouse kappa 
genes used in LCs of N332-GT2-specific naive 
BGI18™" B cells, by day 8 the LCs from GC B cells 
were highly enriched for two mouse kappa 
genes: Igkv12-46 and Igkv12-44 (Fig. 2G). By 
day 42, GC BCRs showed substantial somatic 
hypermutation, diversification, and affinity 
maturation compared with naive B cells or 
day 8 GC BCRs (Fig. 2, H and I, and fig. S14). 
BG18s*" BCR Fab affinities for N332-GT2 
trimers increased by a factor of ~6 from day 0 
to day 8 (geomean Kgs of 582 and 97 nM, re- 
spectively; Fig. 2H). BG18°"' BCR Fab affinities 
increased dramatically by a factor of ~900 
from day 0 to day 42 (geomean Kg = 640 pM, 
Fig. 2H). We conclude that N332-GT NPs can 
induce sustained GC responses and consider- 
able affinity maturation and diversification 
from rare BG18-like precursors with human 
physiological affinities (see below), even in the 
presence of polyclonal competition. 

To assess whether the affinity maturation 
induced by this single priming immuniza- 
tion was on a potential path toward bnAb 
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development, we tested whether day 42 anti- 
bodies could bind Env trimers more native- 
like than the germline-targeting immunogen 
or neutralize viruses with more native-like Env. 
The N332-GT2 immunogen has 17 germline- 
targeting mutations, eight of which are in two 
highly conserved regions of HIV Env (base of 
V3 loop around the GDIR motif and B19) and 
nine of which are in one highly variable region 
(V1 loop) (fig. S8). Thus, a key question was 
whether antibodies induced by N332-GT2 
could recognize Env trimers with more native 
sequences lacking mutations in the two con- 
served regions. We therefore constructed a 
stabilized BG505 Env trimer that included 
eight of the N332-GT2 mutations in the V1 loop 
but was otherwise native-like (BG505-V1 moa) 
(fig. S15 and table S1), and we tested nine of 
the day 42 Fabs (those with highest affinity 
for N332-GT2) for their ability to bind this 
V1-modified Env trimer in SPR. All nine Fabs 
bound BG505-Vl1 moa, With a geomean Kg of 
49 nM (Fig. 2J). By contrast, five naive Fabs 
(those with highest affinity for N332-GT2) 
bound BG505-V1 oq ~200-fold more weakly, 
with a geomean Kg of 10 uM, and inferred- 
germline variants of the day 42 Fabs (day 42 
iGL Fabs) either showed no detectable affinity 
(four of five tested) or bound weakly (10 uM) 
(Fig. 2J). Furthermore, three of the day 42 
Fabs, but none of the day 42 iGL Fabs, bound 
to the BG505 “7mut” trimer that is only six 
mutations away from a native-like Env trimer 
and was previously shown to be on the path 
toward development of PGT121-class bnAbs 
(22, 28) (Fig. 2J, fig. S15, and table S1). The 
day 42 antibodies did not bind N332-GT2- 
KO, consistent with BG18-like binding (Fig. 
2J). None of the day 42 Fabs had detectable 


Fig. 2 Immunization of BG18®" B cell adoptive transfer recipient mice 


binding to the native-like trimer BG505 MD39, 
which was not surprising given the 17-mutation 
difference between the N332-GT2 immunogen 
and MD329 (Fig. 2J and fig. S8). Neutralization 
assays with BG505 WT and V1 oq HIV pseudo- 
viruses were consistent with our SPR findings: 
five of six day 42 Fabs tested neutralized Vlinoa 
HIV but not WT HIV, and none of the naive or 
day 42 iGL Fabs neutralized either virus (Fig. 2K). 
We conclude that a single N332-GT2-NP prim- 
ing immunization elicited functional BG18-like 
antibodies that could bind and neutralize viruses 
bearing Env that retains HIV-conserved regions 
and is more native-like than the immunogen. 

To assess whether the affinity maturation 
due to priming conferred a degree of reactiv- 
ity breadth beyond clade A BG505, we tested 
whether day 42 Fabs could bind to HIV Env 
trimers from three different isolates and two 
additional clades (SF162P3 and AC10, clade 
B; AD8, clade C), all with the same modified 
V1 loop as BG505-V1 moa (fig. S15 and table 
S1). All nine day 42 Fabs tested bound to the 
three Env trimers with highly heterologous 
sequences, with geomean Kas of 50, 110, and 
69 nM for SF162-V1,,56a, AC10-Vlmpoa, and 
AD8-V1 oa, respectively. By contrast, four of 
five day 42 iGL Fabs had no detectable affinity 
for these trimers (Fig. 2J). These data show 
that priming with N332-GT2 in this mouse 
model induced antibodies with a substantial 
degree of breadth in that they can bind with 
relatively high affinity to diverse stabilized 
Env trimers that share the same V1 loop. 


Immunogen reactivity with naive 
human B cells 


A critical test of the germline-targeting design 
process was to determine if the N332-GT Env 


(G) Distribution of V4 and 


trimers could bind rare bnAb precursor human 
naive B cells (29). To our knowledge, this is a 
human immunogen design benchmark that 
has only been met previously by the germline- 
targeting immunogen eOD-GTS8 that targets 
VRC01-class bnAb precursors (9, 15). Attempts 
to isolate PGT121-related bnAb precursors 
using 11mut ,-related trimers did not succeed 
(supplementary text and fig. S16), consistent 
with our hypothesis that germline-targeting 
design using only iGL antibodies would be 
unsuccessful because of an inability to accom- 
modate the natural sequence diversity among 
bnAb precursors in human B cell repertoires. 
To probe human naive B cell reactivity to 
N332-GT Env trimers, we used N332-GT1 and 
N332-GT2 as sorting reagents and either 
BG505-MD39 Env (containing a native N332 
epitope) or N332-GT2-KO Env (an epitope 
knockout) as negative sorting probes (Fig. 3A). 
About 16 million naive B cells from six donors 
were probed with N332-GT1, and 62 million 
naive B cells from 10 donors with N332-GT2, 
after accounting for polymerase chain reac- 
tion (PCR) and sorting efficiencies (table S4). 
All donors for ex vivo B cell sorting were dis- 
tinct from the 14 NGS donors mentioned 
above (20). N332 glycan supersite epitope- 
specific naive B cells [termed high-mannose 
patch clones (HMP) here] were isolated at a 
frequency of ~0.001% (Fig. 3B and fig. S17). 
These epitope-specific B cells were enriched 
for long HCDR3s (Fig. 3C). The B cells were 
also highly enriched for V;,3-25 and V;3-1 LCs 
(Fig. 3D), which corresponded to the BG18 V;, 
and a V, that we showed could be used by 
BG18-like precursors and bnAbs (Fig. 1D and 
fig. S6). We expressed and purified Fabs 
from 46 HMP naive B cell clones (table $5) for 


VL genes in epitope-specific GC (CD38'°"CD95") 


with N332-GT2 Env NPs. (A) Gating strategy to identify epitope-specific 
(N332-GT2**/N332-GT2-KO") B cells in BG18®" and WT mice. (B) Frequency 
of epitope-specific B cells in nonimmunized BG18®" and WT mice. Each 
symbol represents a different mouse. Bars indicate mean + SD from experiments 
in three mice in each model. (C) Distribution of Vy and V_ genes in 
epitope-specific naive B cells in nonimmunized BG188" mice. (D) Frequency 

of GC B cells (left) or CD45.2* GC B cells (right) in four immunization 
conditions. Each symbol represents a different mouse. Error bars indicate 
mean + SD from experiments in the following number of mice in each condition: 
BG18*" (GT2), n = 6; WT (G72), n = 5; BG18gh (MD39), n = 3; and WT (MD39), 
n = 3. (E) Frequency of CD45.2* (left) or CD45.1* (right) epitope-specific 

B cells in four immunization conditions. Each symbol represents a different 
mouse. Error bars indicate mean + SD from experiments in the following 
number of mice in each condition: BG182" (GT2), n = 6; WT (GT2), n = 5; 
BG18®4 (MD39), n = 3; and WT (MD39), n = 3. (F) Serum ELISA 50% 
equilibrium dilution (EDs9) values for N332-GT2 and N332-GT2-KO at day 
14 after immunization for four immunization conditions. Each symbol 
represents a different mouse. Error bars indicate geometric mean and 
geometric SD from experiments in the following number of mice in each 
condition: BG1884 (GT2), n = 5; WT (GT2), n = 5; BG188" (MD39), n = 3; 
and WT (MD39), n = 3. Student's t test was used. Not significant (ns) 

P > 0.05; *P < 0.05; **P < 0.01. Data in (A) to (F) are from one of three 
representative experiments with three or more animals in each group. 
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B cells 8 and 42 days after immunization of BG188" B cell adoptive transfer 
recipient mice. (H) SPR dissociation constants for N332-GT2 trimer binding to 
epitope-specific Fabs derived from naive B cells in nonimmunized BG18®"' mice 
and GC B cells 8 and 42 days after immunization of BG18®" B cell adoptive 
transfer recipient mice. Each symbol corresponds to a different Fab and 
represents one or two measurements. Error bars indicate geometric mean and 
geometric SD. (I) Phylogenetic trees of BCR HCs isolated from epitope-specific 
CD45.2* B cells 8 and 42 days after immunization with N332-GT2 NPs. Tree 
scale indicates the number of substitutions per site. (J) SPR dissociation 
constants for the five highest affinity naive Fabs from (H) binding to the V1 loop- 
modified BG505 trimer (BG505_V1 jog) and for nine of the high-affinity 

day 42 Fabs from (H) and five inferred-germline variants of the high-affinity 
day 42 Fabs (Day42.iGL) binding to V1 loop-modified trimers from BG505 and 
three other HIV isolates (SF162P3, AC10, and AD8), as well as a BG505 trimer 
with a less modified V1 loop (BG505_7mut), a native-like trimer (BG505_MD39), 
and an epitope-KO trimer (N332-GT2_KO). Each symbol corresponds to a 
different Fab and represents one or two measurements. Error bars indicate 
geometric mean and geometric SD. The dashed line indicates the limit of 
detection. (K) Neutralization potency (IC50) against native (BG505 T332N) and 
V1 loop-modified (BG505-V1mod) pseudoviruses for the BG18 bnAb, the five 
highest affinity naive Fabs from (H), five inferred-germline variants of the high- 
affinity day 42 Fabs (d42.iGL), and five high-affinity day 42 Fabs (d42). Each 
IC50 is an average from two measurements. ND indicates not determined. 
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further examination of the biochemical proper- 
ties and specificities of the naive Abs. Twenty- 
three HMP Fabs bound to N332-GT1 and/or 
N332-GT2 by SPR and did not bind detect- 
ably to the MD39 native-like trimer, demon- 
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strating proper N332 glycan supersite epitope 
specificity (Fig. 3, E and F). These SPR- 
validated epitope-specific clones were highly 
enriched for V;3-25, V;3-1, or the closely related 
V, 3-10 (Fig. 3E). Thus, the protein design 


strategy resulted in Env trimers that could 
successfully bind human naive B cells with 
BG18-like LCs. 

All N332-supersite bnAbs identified to date 
require a long HCDR3 [220 amino acids (aa)], 
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Fig. 3. Naive human B cells sorted with N332-GT Env trimers. (A) Gating strategy for N332-GT epitope- 


specific sorting of naive human B cells. (B) Frequency of epitope-s 


pecific B cells among IgG-negative B cells. 


Each symbol represents a different human subject. Error bars indicate geometric mean and geometric mean SD 


from the following number of independent subjects: N332-GT1, n = 
(C) HCDR3 length distribution from epitope-specific sorted cells co 


9; N332-GT2, n = 11; and N332-GT5, n = 4. 
mpared with control B cells. (D) Frequency of 


V3-25 or V3-1 LCs from epitope-specific sorted cells relative to control B cells. Significance of differences 
from control was evaluated by a chi-square test. *P = 0.01; **P = 0.005; ****P = 0.0001. (E) SPR-derived binding 


specificities for 46 HMP Fabs corresponding to epitope-specific nai 


ive human B cells isolated by N332-GT1 or 


N332-GT2 (top), with LC V gene usage for nonbinding Fabs (bottom left) and for N332 epitope—specific 
Fabs (bottom right). (F) SPR dissociation constants for HMP epitope-specific Fabs isolated with N332-GT1 


and N332-GT2 Env trimers. The dashed line indicates the limit of d 
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etection. 


owing to the structural requirements for the 
bnAb HCDR3 to reach the HIV Env protein 
surface at the base of V3 while avoiding V1 
loop glycans (19). Although epitope-specific 
human B cells with HCDR3 lengths <20 aa 
were isolated using N332-GT1 or N332-GT2, 
only four of eight such clones tested by SPR 
were confirmed to be epitope specific, and 
their binding was weak (Kq >10 uM) (Fig. 3F 
and table S6). We considered that such B cells 
with HCDR3s <20 aa are probably unable to 
develop into N332-supersite bnAbs, and thus 
we did not study those clones further. Numer- 
ous epitope-specific naive B cell clones with 
HCDR3s =20 aa were isolated with N332-GT1 
and N332-GT2 probes (Fig. 4, A and B). From 
these human naive B cell clones, we identified 
two categories of potential BG18-like precur- 
sors. The first category shared the same HCDR3 
length, D gene, D gene reading frame, D gene 
position within HCDR3, and Jy gene with 
BG18 (Fig. 4A), exactly matching our initial 
search criteria when scanning NGS data for 
BGI18-like HCDR3 sequences. Such naive B cells 
were termed type I BG18-like precursors. The 
second category of epitope-specific BG18-like 
B cells had VL3-25, VL3-1, or VL3-10 and long 
HCDR3s (220 aa) with diverse HC sequences 
(Fig. 4B). We termed this more diverse class 
of isolated naive B cells type II BG18-like pre- 
cursors. HMP1 was a type I BG18-like precursor 
(Fig. 4A) with high affinity for the N332-GT2 
Env trimer (Kg = 220 nM, Fig. 3F). The type II 
BG18-like precursors with confirmed binding 
exhibited a geomean Kg of 10 uM for the N332- 
GT2 Env trimer (Fig. 3F). Overall, type I and 
type II precursors accounted for 74% (17 of 23) 
of the HMP Fabs isolated by N332-GTI1 or 
N332-GT2 and verified as epitope-specific by 
SPR (Fig. 3, E and F), indicating that such 
BG18-like precursors may represent a sub- 
stantial fraction of the human naive epitope- 
specific repertoire to these Env trimers. We 
then isolated additional type I and type IT 
naive B cell clones using N332-GT5 Env trimer 
probes with additional blood donors (Fig. 4, 
A and B). Overall, three type I BG18-like pre- 
cursors were isolated at a frequency of ~1in 
53 million naive B cells (HMP1, HMP68, and 
HMP69; table S4), in good agreement with 
our initial NGS bioinformatics-based esti- 
mate that precursors with BG18-like HCDR3s 
specific for N332-GT trimers may be present 
in the human B cell repertoire at a frequency 
of 1in 54 million naive B cells (fig. $5). Type I 
BG18-like precursors were isolated at a higher 
frequency of ~1 in 7 million naive B cells, con- 
sistent with their larger sequence space. 


Structural analysis of BG18-like human 
precursors bound to immunogens 


To gain a structural understanding for the 
potential of human type I and type II BG18- 
like precursors (Fig. 4, A and B) to mature into 
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A Isolated 
Name with HCDR3 
BG18-mat - ARNAIRIYGVVALGEWFHYGMDV 
BG18-iGLo - ARNAITIFGVVIIGEYYYYGMDV 
HMP1 GT1 AREGFTIFGVVTFSEGYYYGMDV 
HMP68 GT5 TRAPITIFGVVOLGDYYYYYMDV 
HMP69 GT5 ARDRITIFGVVIIGENYYYGMDV 

B Name Isolated with HCDR3 
HMP30 GT2 AKDFLLSTSGYLSYGDYYYYGMDV 
HMP70 GT5 ARSWALFCSSTSCTNYYYYYGMDV 
HMP57 GT2 TTDIGYGDYLRSLDYYYYYGMDV 
HMP65 GT2 ARDQIREEWELLPEYYYYGMDV 
HMP71 GT5 AREESIVLMVYAIPADKDAFDI 
HMP72 GT5 ARKGPEGDGYNWELGTLYYFDY 
HMP8 GT1 ARQKVDYDFWSGYPAGYGMDV 
HMP26 GT2 ARDPTPNYYDSSGYWVGAFDI 
HMP42 GT2 ARDRGREWELESYYYYYYMDV 
HMP43 GT2 AKDIESRYFDWDNYYYYGMDV 
HMP44 GT2 ARDVSRNWGWEEDYYYYGMDV 
HMP58 GT2 ARVKYSSSWYVDDYYYGMDV 
HMP60 GT2 ARGDLYYYDSSGYYYYGMDV 
HMP61 GT2 ARAWDYDYVWGSYGVDGMDV 
HMP35 GT2 AKGPOQHYYDSSGYPEYYFDY 
HMP38 GT1 ARDGTLYYYDSSGYYSYFDY 
HMP39 GT2 ARDRDSYYYDSSGYSDYFDY 
HMP40 GT2 ARGSVYYYDSSGYFWDAFDI 
HMP59 GT2 ARDATMSTAPNYYYYYGMDV 
HMP73 GT5 AREWDGGYSGYDSGDWYFDL 

C BG18 iGL 

LC » 


N332-GT2 


N332-GT2 


Fig. 4. Sequence and structural characterization of type | and type Il 
BG18-like naive antibodies isolated by N332-GT Env trimers. (A) HCDR3 
sequence and gene segment assignments for three type | BG18-like naive 
human precursor antibodies. V, D, and J gene segments are colored blue, red, 
and green, respectively. Single-letter abbreviations for amino acid residues 
are as follows: A, Ala; C, Cys; D, Asp; E, Glu; F, Phe; G, Gly; H, His; |, lle; K, Lys; 
L, Leu; M, Met; N, Asn; P, Pro; Q, Gln; R, Arg; S, Ser; T, Thr; V, Val; W, Trp; and 
Y, Tyr. (B) HCDR3 sequence and gene segment assignments for 20 type II 
BG18-like precursor antibodies. (C) Cryo-EM structural analysis of type | 
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Length VH D JH VL JL 
23 4-4 3-3 6 L3-25 2or3 
23 44 3-3 6 L3-25 2 or3 
23 4-61 3-3 6 L3-25 2or3 
23 3-49 3-3 6 ND ND 
23 3-11 3-3 6 L3-25 2or3 

VH D JH JL 
24 3-30 5-18 6 L3-1 2or3 
24 1-8 2-2 6 L3-25 3 
23 3-15 4-17 6 L3-1 2or3 
22 3-30-3 1-26 6 L3-10 3 
22 1-2 2-8 3 L3-1 2or3 
22 4-59 5-24 4 L3-25 3 
21 3-74 3-3 6 L3-1 2or3 
21 4-59 3-22 3 L3-25 2or3 
21 1-2 1-26 6 L3-25 2or3 
21 3-9 3-9 6 L3-1 2or3 
21 3-30-3 2-21 6 L3-1 2or3 
20 3-74 6-13 6 L3-25 2or3 
20 3-30 3-22 6 L3-25 7 
20 4-34 3-16 6 L3-1 2or3 
20 3-23 3-22 4 L3-25 2or3 
20 3-30-3 3-22 4 L3-1 2or3 
20 3-33 3-22 4 L3-25 2or3 
20 3-30-3 3-22 3 L3-1 1 
20 3-33 6-6 6 L3-25 2or3 
20 3-48 5-12 2 L3-1 2or3 


N332-GT5 N332-GT5 
(HMP1) and type II (HMP42) precursor antibody LC interactions with 
N332-GT5 compared with BG18 iGL LC interactions with N332-GT2. Gp120 is 
colored gray, and the LCs are colored cyan, yellow, and blue for BG18 iGL, 
HMP1, and HMP42, respectively. (D) Cryo-EM structural analysis of type | and 
type Il precursor HCDR3 interactions with N332-GT5 compared with HCDR3 
interactions for BG18+MD39 and BG18iGL+N332-GT2 complexes. Gp120 

is colored gray with conserved residues (or the corresponding germline- 
targeting amino acids) near the base of V3 colored red as in Fig. 1A. 
Glycans are shown as green sticks. 
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bnAbs, we solved high-resolution cryo-EM 
structures of the complexes of N332-GT5 bound 
to HMP!1 (type I) and HMP42 (type ID), with 
resolutions of 3.7 and 3.4 A, respectively (Fig. 4, 
C and D, and table S2). Both HMPs showed a 
similar LC binding mode as BG18 iGL, with 
the LC straddling the V1 loop (Fig. 4C and fig. 
$10). The HCDR3s of HMP1 and BG18 iGL have 
nearly identical conformations, supporting 
HMP1 and type I class naive antibodies as ideal 
BGI18 precursors (Fig. 4D). The projecting 
HCDR3 tip of HMP42 interacts with the same 
Env patch as BG18 but has a slightly different 
overall conformation that makes additional 
contacts with the Env V1 loop (Fig. 4D). This 
structural information supports the hypothe- 
sis that some or possibly all type II BG18-like 
naive antibodies have a similar binding mode 
as BG18 iGL. Overall, these findings support 
the potential for both type I and type II BG18- 
like precursors to mature into BG18-like bnAbs 
(bnAbs with a BG18-like binding mode) under 
an appropriate sequential vaccination regimen. 
Given that type I and type II BG18-like pre- 
cursors are enriched among epitope-specific 
human naive B cells and have affinities that 
may confer competitive fitness in GCs, the 
data indicate that N332-GT Env trimers are 
strong candidates for priming BG18-like pre- 
cursors for potential maturation into HIV 
bnAbs in humans. 


Application to vaccine design for pathogens 
other than HIV 


We explored whether our approach to target 
and prime a diverse pool of antibody precur- 
sors may have applicability to other pathogens. 
To evaluate whether our method of germline- 
targeting vaccine design could be applied 
beyond HIV, we carried out sequence and 
structural analyses for selected bnAb-antigen 
complexes for several major pathogens. In this 
nonexhaustive survey, we identified 11 poten- 
tial antibody targets from five major pathogens, 
including hepatitis C virus (HCV), influenza 
virus, malaria, and dengue and Zika viruses 
(fig. S18). According to our sequence and 
buried surface area analyses, these antibodies 
all share the ability to make a series of impor- 
tant contacts with antigens through templated 
portions of their HCDR3s (portions encoded 
by D or J genes), which can be targeted by vac- 
cine design. Most of the antibodies we iden- 
tified are strongly HCDR3 dependent, on the 
basis of a criterion of HCDR3 contributing 
>30% of all surface area buried on the anti- 
body. The strong HCDR3-dependence of the 
antibodies may allow for the development of 
related antibodies utilizing alternate Vj or Vz, 
genes (as occurred with BG18) and hence may 
be advantageous for precursor frequency. With 
the exception of the dengue and Zika antibody 
EDE2 Ail, all target antibodies have relative- 
ly common HCDR3 lengths of <22 aa repre- 
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sented by =2% of human antibodies (30), 
suggesting that HCDR3 length will not pose a 
limitation on precursor frequency. All target 
antibodies also have mutation levels in Vj; and 
V, that are present in =1 to 2% of human 
memory B cells (30), and all but two (9 of 11) 
lack indels, thus mutation level and indels 
should not pose a limitation on production of 
similar antibodies if appropriate precursors 
can be primed. In some cases, the native anti- 
gen has been shown to bind to an inferred- 
germline or unmutated common ancestor of 
the target antibody (37-33), raising the ques- 
tion of whether a germline-targeting approach 
would be necessary. We propose that even in 
such cases, our strategy may improve the de- 
sign or validation of a vaccine priming candi- 
date. Identification of a diverse set of antibody 
potential precursors with diverse HCDR3 junc- 
tions should allow for testing the breadth of 
precursor reactivity of the native antigen, and 
our design and validation strategies may opti- 
mize and/or verify breadth. 


Concluding remarks 


Most antibodies, and most HIV bnAbs, rec- 
ognize their target in a strongly HCDR3- 
dependent manner. A central challenge of 
germline-targeting vaccine design is the large 
paratope sequence space and structural com- 
plexity possible for any set of antibodies tar- 
geting a conserved epitope by means of a 
shared HCDR3-dependent binding modality. 
Here, we demonstrate the successful design 
of a germline-targeting immunogen for this 
general class of antibody recognition. We used 
the human repertoire and structural features 
of bnAb-Env binding as guides to identify a 
pool of potential bnAb precursors and then 
design an immunogen with affinity for a rep- 
resentative set of those precursors. This pro- 
cedure was validated by the isolation of three 
type I BG18-like precursors from naive human 
B cells with N332-GT trimers and the demon- 
stration that N332-GT NPs drove a robust BG18- 
class B cell response in an animal model with 
rare BGI8 precursors. Furthermore, N332-GT 
trimer-sorted human naive B cells were also 
enriched for type II BG18-like BCRs, and such 
precursors exhibited a BG18-like binding mode, 
indicating that the pool of potential BG18-like 
human naive precursors is larger and more 
diverse than originally expected. This study 
does not demonstrate the induction of neu- 
tralizing antibodies to WT HIV isolates; the 
goal for germline-targeting priming immuno- 
gens is not to induce bnAbs directly but rather 
to induce bnAb-precursor B cell responses 
that have the potential to mature into bnAbs. 
Induction of bnAbs is the aim for a complete 
germline-targeting vaccine regimen, which 
would include a germline-targeting prime and 
a series of shepherding and polishing immu- 
nogens. Overall, we describe a new approach 
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to define bnAb precursors for an epitope of 
interest and the design of vaccine priming 
immunogens that take advantage of that in- 
formation. This approach lays out a gener- 
alizable pathway for the development and 
preclinical validation of germline-targeting 
immunogens for HCDR3-dependent anti- 
body responses. 


Materials and Methods 
Experimental design 


The overall objective of the study was to test 
a new, general method for design of germline- 
targeting immunogens to prime human 
naive precursors to known bnAbs. Here we 
address the study design for the mouse model 
experiments. 


Study objectives and experimental design 


These experiments were designed primarily to 
test whether N332-GT NPs could generate GC 
responses with detectable levels of BG18*" 
B cells in GCs, under preimmunization con- 
ditions of low BG18®"' naive precursor B cell 
frequency and high polyclonal competition. 
BG18"" naive and GC B cells were identified 
by cytometry using cell surface markers, in- 
cluding the CD45.2 marker that distinguished 
these B cells from the WT host mouse B cells 
that were marked with CD45.1 Additionally, 
BG182" naive and GC B cells were single-cell 
sorted using N332-GT and N332-GT-KO probes, 
and the epitope-specific BCRs were sequenced, 
in order to prove that the HCs were derived 
from the BG18 iGL, HC knock-in gene. This 
was not a foregone conclusion because the 
adoptively transferred B cells in these experi- 
ments were from a heterozygous knock-in with 
~30% of B cells expressing the BG18 iGL, HC 
variable region. Finally, to assess the degree to 
which somatic hypermutation led to increased 
affinities in the BG18®" B cells, soluble Fabs 
were expressed based on the sorted epitope- 
specific BCR sequences, and SPR studies were 
conducted to evaluate binding affinities to 
N332-GT immunogens. Additional corroborat- 
ing information was gleaned from these studies 
by serum ELISA analysis. 


Sample size 


The number of mice in each group was limited 
by mouse availability and the costs and time 
associated with the experiments; however, the 
number of mice used was judged to be suffi- 
cient to detect clear differences between groups. 


Randomization and blinding 

Animal recipients of adoptive transfer were 
assigned to groups with no pattern. Neither 
randomization nor blinding were used, as they 
were not deemed necessary. 

Data exclusion 


No data were excluded. 
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Replicates 

Data presented are from two independent ex- 
periments. The results have been reproduced 
in at least two additional experiments in this 
same mouse model and in a different but re- 
lated mouse model. 


BG18/BG505 SOSIP structural model 


The HCDR3 loop of unliganded BG18 (PDB: 
5UD9) was aligned to PGT122 (PDB: 4TVP) 
and several features suggested this as a plau- 
sible binding mode. First, Are"54 in LCDR2 
would be positioned in a similar space as 
LCDR3 Arg™94 in PGT122, a known critical 
contact residue for PGT122. Second, Arg™29 
was positioned close to the N332 glycan, and 
we confirmed that Are™29 was important for 
neutralization, by mutagenesis (fig. S2). Finally, 
analysis of computationally predicted V1 con- 
formational ensembles including protein and 
glycan conformational diversity suggested that 
the LC could plausibly avoid clashing with the 
N137 glycan. 


Design of minimally mutated versions of BG18 


Design of minimally mutated versions of BG18 
shown in fig. S4 was guided by analysis of 
the structural model of BG18 bound to BG505 
SOSIP (fig. S2B), as this work was carried out 
before crystal structures were published of 
BGI18 bound to BG505 and B41 SOSIP trimers 
(8) and before we obtained a cryo-EM struc- 
ture of BG18 bound to the MD29 trimer (Fig. 
1A). Framework and CDR mutations were 
reverted to germline if structural inspection 
indicated they were not contributing to the 
binding interaction. Several HC and LC var- 
iants were tested. BG18.11, which we refer to 
as “minBG18,” was the least mutated variant 
that retained at least 50% of the breadth of 
BGI18 while retaining similar potency as BG18. 
BG18.6 was the least mutated variant that 
showed any neutralization. 


Design of BG18 bnAb variants using alternate 
Vy or V, genes 


The V,, variant engineering was carried out 
early in the study and was therefore guided 
only by our model for the BG18-Env interaction 
(fig. S2B). To engineer the V;, variants shown in 
fig. S6, the indicated V;, gene was substituted 
for the BG18 V;, gene and BG18 mutations were 
incorporated. The engineering of Vy, variants 
was more complicated and was informed by 
our structural and mutagenesis studies (Fig. 1A 
and figs. S2, E and F, and S4). These studies 
indicated that the most important feature of 
the BG18 Vy, gene (Vyq4-4) was HCDRI with a 
length of nine amino acids that is rare among 
human Vy genes. We therefore tested whether 
BG18-like bnAbs could utilize alternate Vy 
genes (4-59 and 4-61) that are closely related 
to V}y74-4 but use the more common HCDRI1 
lengths of 8 and 10 amino acids found among 
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~74 and ~19% of human Vy, genes, respec- 
tively. We used mammalian display to screen 
scFv libraries containing ~10* to 10° HCDR1 
sequences for binding to gp120 and native-like 
trimers based on several isolates (B41, 191084, 
ZM197, 6811) using the directed evolution de- 
sign process described previously (22). One 
VH4-59 library included an NNK codon in the 
HCDR2 at position 53 in addition to contain- 
ing HCDR1 sequence diversity. Briefly, libraries 
were integrated into 293T cells using a dox- 
inducible lentivirus based system; the scFv 
was anchored to the cell surface by linking 
the C-terminus to a PDGFR transmembrane 
domain; and the cells were incubated with 
HIS-tagged Env proteins and then stained 
with anti-HIS PE (miltenyi biotech). With this 
process, we identified two V}44-59 clones and 
one Vy4-61 clone that when expressed as sol- 
uble IgG showed neutralization breadth on a 
BG18-sensitive virus panel (fig. S6). Because the 
theoretical number of HCDR1 sequences for 
lengths 8 and 10 are ~10”° and ~10"”, respec- 
tively, there are likely to be many HCDR1 
sequences that can support neutralization 
beyond what we identified here. We conclude 
that BG18-like antibodies with diverse Vj; and 
Vx, genes can achieve broad and potent neu- 
tralization. It follows that BG18-like precur- 
sors containing alternate Vy and Vy; genes 
should be targeted by vaccine design. 


Immunogen design by mammalian cell surface 
display directed evolution 


BGI18 iGL, had detectable affinity to the 1imut, 
(PGT121 germline targeting) trimer (22) but 
no detectable affinity to BG505 MD39 contain- 
ing a native N332 epitope; therefore, we used 
1lmutg as a base construct to begin the BG18 
germline-targeting design process. The follow- 
ing libraries were screened using a previously 
described mammalian cell surface display 
method (22). Briefly, the following libraries 
were cloned into the pLenti CMVTRE3G Puro 
Dest plasmid and then stably integrated into 
rtTA3G-expressing HEK 293T cells using lenti- 
viral transduction. Library 1 was a screen of 
all 20 aa at a subset of positions in the BG18/ 
PGT121 epitope. It was an NNK codon scan of 
positions 294, 297, 298, 299, 300, 302, 304, 
305, 326, 329, 330, 333, 386, 413, 414, 415, 
416, 417, 419, and 420. NNK codons were 
introduced into BG505-11mutz-gp120 using 
the QuikChange Site-Directed Mutagensis 
Kit (Agilent). Library 1 was screened for 
binding to BG18 iGL, and PGT121-GLepr3reva- 
Library 2 was intended to sample hydropho- 
bic amino acids underneath the BG18 epitope. 
It was a combinatorial library with amino 
acids F/I/L/V introduced at positions 154, 
322, 323, 326, 333, 414, 415, and 416. The li- 
brary insert was assembled with overlapping 
ultramers (IDT DNA) followed by Gibson clon- 
ing (NEB) into BG505-11mutg-gp120. Library 2 
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was screened for binding to BG18 iGL, and 
PGT121-GLepr3reva, Library 3 was intended to 
test all 20 aa at key epitope contact positions 
predicted by the structural model. It was a 
combinatorial library with NNK codons intro- 
duced at positions 137, 325, and (F/I/L/V) at 
position 326. The library insert was assembled 
with overlapping ultramers (IDT DNA) followed 
by Gibson cloning (NEB) into BG505-MD39- 
17mut,. Library 3 was screened for binding 
to the following 24 Abs: BG18 iGLo, BG18 iGL, 
prel - pre6, pre8, prel0 - pre15, V;2-8, V;,2-14, 
V_3-21, Viyq1-69, V}p43-33, Vyq4-59, Vyq5-51, PGT121- 
GLepr3mats and PGT121-GLepr3revi- Library 4 
was designed to test all 20 aa at key epitope 
contact positions predicted by the structural 
model and mutations at position 325 that 
were isolated in the library 3 screen. It was a 
combinatorial library with NNK codons intro- 
duced at positions 138 and 141 and (P/H/A/D) 
at position 325. The library insert was assem- 
bled with overlapping ultramers (IDT DNA) 
followed by Gibson cloning (NEB) into BG505- 
MD39-17mut,-N137K. Library 4 was screened 
for binding to BG18 iGLo, pre3, prel4, V;3-21, 
V,2-8, V,.2-14, V}43-33. Library 5 was designed 
to test all amino acids at key epitope contact 
positions predicted by the structural model 
and mutations at position 325 that were iso- 
lated in the library 3 screen. It was a combi- 
natorial library with NNK codons introduced 
at positions 138 and 139 and (P/H/A/D) at po- 
sition 325. The library insert was assembled 
with overlapping ultramers (IDT DNA) followed 
by Gibson cloning (NEB) into BG505-MD39- 
17mut;-N137K. Library 5 was screened for bind- 
ing to BG18 iGLo, Vz3-21, V,2-8, V1.2-14, Vi1-69, 
and V;,5-51. Library 6 tested all 20 aa at po- 
sitions not directly in the BG18 epitope to 
identify mutations that may indirectly effect 
binding to BG18 precursors. It was an NNK 
scan of positions 167 to 308. The insert was 
synthesized at SGI-DNA and Gibson cloned 
(NEB) into BG505-MD39-N332-GT3. Library 6 
was screened for binding to BG18 iGLo, V;,2-8. 
Library 7 screened all 20 aa at positions in 
and around the BGI18 epitope, excluding the 
V1 loop. It was an NNK scan of positions 309 to 
443. The insert was synthesized at SGI-DNA 
and Gibson cloned (NEB) into BG505-MD39- 
N332-GT3. Library 7 was screened for binding 
to BG18 iGLo, prel, pre2, pre4, prel0, prel5, and 
V,2-8. All constructs contained a C-terminal 
myc tag and were anchored to the cell mem- 
brane via a C-terminal PDGFR transmembrane 
domain. Staining of the cell populations was 
typically done with IgG until saturated binding 
was obtained at low nanomolar IgG concen- 
trations, and then Fabs were used for stain- 
ing to maintain selection pressure. IgGs were 
labeled with Anti-Human IgG-R-PE (Sigma) 
and Fabs were labeled with Human IgG Fab 
PE (LSBio). Cell surface protein expression 
was detected using FITC conjugated chicken 
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anti-CMYC (ICL inc). Typically, libraries were 
sorted three to five times, and the enriched 
cell populations were frozen until sequencing 
could be carried out as described previously 
(22). Mutations found in the most enriched 
clones were incorporated into the most recent 
designs, synthesized at Genscript either as 
C-terminal His tagged gp120s or MD39/MD64 
trimers in the pHLsec vector and expressed 
and purified as described previously (22). 


Nanoparticle design and purification 


To obtain multivalent immunogens, trimers were 
genetically fused to ferritin from Helicobacter 
pylori using a short flexible linker. Genes were 
codon optimized for HEK293 cells and cloned 
into the pHLsec plasmid (GenScript). MD39- 
NP DNA was cotransfected with a plasmid en- 
coding human Furin protease into FreeStyle 
293F cells (Invitrogen, Cat no. R79007) using 
293Fectin (ThermoFisher) and proteins were 
expressed at 37°C for 4 days. NPs were purified 
either using snow drop lectin-conjugated agar- 
ose beads (Vector laboratories) or HiTrap NHS- 
Activated HP affinity columns (GE Healthcare) 
conjugated with PGT145, each followed by 
gel-filtration using a Superose 6 size-exclusion 
chromatography column (GE Healthcare). N332- 
GT2 NP had the Furin cleavage site replaced 
by a flexible linker (SHSGSGGSGSGGHA) as 
well as an L545P mutation, both discovered by 
library screening; hence, N332-GT2 NP was 
not cotransfected with Furin. NP-assembly 
was assessed by negative-stain EM and SEC + 
multiangle light scattering (SEC-MALS) using 
a Superose 6 10/300 column (GE Healthcare) at 
a flow rate of 0.5 ml/min followed by DAWN 
HELEOS II and Optilab T-rEX detectors (Wyatt 
Technology), correcting for the glycan molec- 
ular mass by applying the built-in protein- 
conjugate analysis (ASTRA). 


Neutralization activity 


Neutralizing activity of monoclonal antibodies 
(mAbs) was assessed using a single round of 
replication in TZM-bl target cells, in the ab- 
sence of DEAE-dextran except for the assays 
in Fig. 2K, as described previously (34). Briefly, 
pseudoviruses were generated by cotransfec- 
tion of HEK293T cells with an Env-expressing 
plasmid and an Env-deficient genomic back- 
bone plasmid (pSG3AEnv). 


Cryo-EM structure determination 


High resolution cryo-EM structures were deter- 
mined for four complexes: (i) MD39 + BG18; 
Gi) N332-GT2 + BGI8iGL,; (iii) N332-GT5 + HMP1; 
and (iv) N332-GT5 + HMP42. Of note, initial 
attempts to determine even low-resolution EM 
structures of HMP Fabs bound to N332-GT2 
were not successful. However, in the late stages 
of this study, we found that the N332-GT5 tri- 
mer proved capable of forming stable com- 
plexes with the two clones, HMP1 and HMP42, 
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representing BG18-type I and type II precur- 
sors, respectively. In general, trimers were 
incubated with a 6-10x molar excess of Fab 
overnight at room temperature. Complexes 
containing HMP1 or HMP42 also included 
RM20A3 Fab, a non-neutralizing trimer base- 
binding antibody that helps increase orienta- 
tion sampling of the particles. The following 
morning, each complex was purified using a 
HiLoad 16/600 Superdex 200pg size-exclusion 
column (GE Healthcare) with Tris-buffered 
saline (50 mM Tris pH 7.4, 150 mM NaCl) as 
the running buffer, and the peak correspond- 
ing to trimer-Fab complex was pooled and 
concentrated to ~6 to 8 mg/ml. 3.5 ul of each 
complex was mixed with 0.5 ul of 0.42 mM 
n-dodecyl f-p-maltoside (DDM; Anatrace), 
such that final DDM concentration (0.06 mM) 
is below the critical micellar concentration 
(CMC). A 4-ul aliquot of the complex was 
applied to a C-Flat grid (CF-2/2-4C, Electron 
Microscopy Sciences, Protochips, Inc.) or 
Quantifoil grid (Q1.2/1.3-4C, Quantifoil Micro 
Tools GmBH), which had been plasma cleaned 
for 10 s using a mixture of Ar/O, (Gatan Solarus 
950 Plasma system), and following a 10-s in- 
cubation, the grid was blotted between 4 to 
6s and plunged into liquid ethane using an 
FEI Vitrobot Mark IV (100% relative humid- 
ity, 10°C). 

The samples were imaged using either a 
Thermo Fisher Titan Krios operating at 300 kV 
or a Thermo Fisher Talos Arctica operating at 
200 kV, both with a Gatan K2 Summit direct 
electron director operating in counting mode. 
Automated data collection was performed using 
the Leginon software suite (35). Each micro- 
graph movie (250-ms exposure per frame) was 
collected at a magnification of 29,000x anda 
pixel size of 1.03 A (Krios) or 36,000x and a 
pixel size of 1.15 A (Arctica). Data collection 
statistics for each sample are summarized in 
table SI. Micrograph movie frames were aligned 
and dose-weighted using MotionCor2 (36), and 
CTF models were calculated using GCTF (37). 

Single particles were selected using DoGPicker 
(38) from the whole-frame aligned and summed 
micrographs, and particles extracted using 
Relion 3.0 (39) using a box size of 288 or 
320 pixels. After numerous rounds of 2D and 
3D classification, final reconstructions were 
performed in Relion 3.0, and after postpro- 
cessing, the final resolution estimates (FSC 
0.143) are ~3.9 A for N332-GT2 + BG18iGL 
(C3 symmetry), ~4.4 A for MD39 + BGI8 (C3 
symmetry), ~3.7 A for N332-GT5 + HMP1 + 
RM20A3 (C3 symmetry), and ~3.4 A for N332- 
GT5 + HMP42 + RM20A3 (asymmetric). Addi- 
tional data processing statistics are summar- 
ized in fig. S3. 

Atomic models were built and refined into 
the high-resolution reconstructions by creat- 
ing homology models based off deposited 
coordinates of BG505 SOSIP.664 (PDB 5cez) 
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and 354BG18 Fab (PDB 5ud9), as well as dock- 
ing of an HMP42 Fab crystal structure from 
this study (table S6), followed by an iterative 
cycle of manual building in COOT (40) and 
real space refinement in Phenix 1.13 (47) and 
Rosetta Relax 3.10 (42). Glycans were validated 
by CARP (43) and Privateer (44), and overall 
structures were evaluated using EMRinger 
(45) and MolProbity (46). Buried surface area 
calculations were performed using UCSF 
Chimera (47). 


ELISA 
For analysis of serum responses from 
immunized mice 


N332-GT2-specific antibody titers were de- 
tected by ELISA, using anti-His Ab (2 ug/ml) 
to capture N332-GT2 or N332-GT2-KO antigen 
(2 ug/ml) on the plate. Mouse sera were in- 
cubated for 2 hours and alkaline phospha- 
tase conjugated anti-mouse IgG (Jackson 
ImmunoResearch, #115-055-071) was incu- 
bated another hour. Titers were determined 
from the dilution curve in the linear range of 
absorbance. All noncommercial ELISA plates 
were developed with p-Nitrophenyl Phosphate 
(Sigma, # N2770). Absorbance at 405 nm was 
determined with a plate reader (BioTek). 


For analysis of mAb binding 


mAb binding ELISAs were performed by cap- 
turing antigen (1 g/ml) onto plates precoated 
with anti-His antibody (1 ug/ml; Genscript) 
and blocked with blocking buffer (5% skim 
milk, 1% fetal bovine serum, 0.2% tween 20 in 
PBS). Dilution series of mAbs were added 
as indicated and labeled with peroxidase- 
conjugated goat anti-mouse IgG (1:5000; 
Jackson ImmunoResearch). Wells were devel- 
oped with 1-Step Ultra TMB-ELISA substrate 
(Thermo Scientific) diluted 1:4 in H,O and 
stopped by addition of 0.5M H,SO,. Absorb- 
ance was read at 450 nm and reference ab- 
sorbance measured at 570 nm was subtracted 
from each well. 


Surface plasmon resonance (SPR) 


Kinetics and affinities of antibody-antigen in- 
teractions were measured on a ProteOn XPR36 
(Bio-Rad) using GLC Sensor Chip (Bio-Rad) 
or Biacore4000 (GE) with Series S Sensor 
Chip CM5 (GE). We used 1x HBS-EP+ pH 7.4 
running buffer (20x stock from Teknova, 
Cat. No. H8022) supplemented with BSA at 
1 mg/ml. Following manufacturer’s instruc- 
tions for Human Antibody Capture Kit (Cat. 
No. BR-1008-39 from GE), we immobilized 
about 6000 RUs of capture mAb onto each 
flow cell of GLC Sensor Chip or about 10,000 
RUs in the case of the CM5 Sensor Chip. Ina 
typical experiment on the ProteOn XPR36 
system, about 300 to 400 RUs of mAbs were 
captured onto each flow cell, and analytes 
were passed over the flow cell at 50 ul/min for 
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3 min followed by a 5-min dissociation time. 
Regeneration was accomplished using 3 M 
magnesium chloride with a 180-s contact time 
and injected four times per cycle. Raw senso- 
grams were analyzed using ProteOn Manager 
software (Bio-Rad), including interspot and 
column double referencing, and either Equilib- 
rium fits or Kinetic fits with Langmuir model, 
or both, were used when applicable. For the 
Biacore4000 instrument, we used similar con- 
ditions but lower ligand capture levels. In the 
case of Fab-antigen kinetic and affinity mea- 
surements on ProteOn XPR36 or Biacore4000, 
we used a similar ligand-capture technique 
with several modifications. The capture re- 
agent was His-tag Rabbit pAb (GenScript Cat. 
No. A00174). It was amine coupled to the 
Sensor Chip surface using the same protocol 
from the GE Human Antibody Capture Kit 
referenced above. Our regeneration solution 
was phosphoric acid 0.85% with a 30-s con- 
tact time, four injections per cycle. In the case 
of the ferritin nanoparticle experiment, we 
used the ProteOn XPR36 system and Human 
Antibody Capture protocol described above 
with one additional step. We captured PGT128 
IgG at 1300 RU level in all channels, including 
reference, followed by NP (as ligand) capture 
at 1600 RU. All other steps were the same as 
in the Human Antibody Capture protocol. 
Analyte concentrations were measured on a 
NanoDrop 2000c Spectrophotometer using an 
absorption signal at 280 nm (8). 


NGS dataset of human BCR HCs 


This work utilized a large NGS dataset of 1.1 x 
10° amino acid sequences of BCR HCs from 
14 healthy, HIV-uninfected donors. In this 
dataset, 255 million sequences from 10 donors 
were obtained from (27), which used the HiSeq 
sequencing platform and an amplification 
strategy including unique identifiers (UIDs) 
to enable discrimination of unique mRNA 
transcripts from PCR artifacts. These 10 do- 
nors were evenly divided between males and 
females and nearly evenly divided between 
Caucasians and African Americans, and had 
ages ranging from 18 to 30 (21). These se- 
quences were collapsed by UID, assigned to 
VDJ gene segments with Abstar (27), and 
then rendered unique by clustering at the 
99% amino acid identity level within each of 
six biological replicates per donor. Thus the 
255 million sequences were unique at the 
amino acid level within biological replicates. 
JSON output files from Abstar were con- 
verted to parquet format and uploaded to the 
Amazon 83 storage cloud. To query databases, 
Amazon Elastic Map Reduce (EMR) 5.15.5 
was used to configure a Spark cluster with 
added PySpark and Zeppelin configurations. 
Zeppelin was used to assemble PySpark scripts 
to query the database with custom scripts. An 
additional 858 million sequences from four 
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additional donors were obtained here by both 
HiSeq and NextSeq sequencing platforms 
without the use of UIDs, as described below. 


BCR HC sequencing for four donors 


Full leukopaks (three blood volumes) were 
obtained from four human subjects (AllCells 
LLC or Hemacare, Inc.) under a protocol ap- 
proved by the Institutional Review Board of 
the respective commercial provider. All subjects 
were healthy, HIV-negative adults with no 
reported acute illness in the 14 days prior to 
leukapheresis, and samples were deidentified 
prior to shipment. The Institutional Review 
Board of The Scripps Research Institute deter- 
mined that research with these samples did 
not constitute human subjects research. Im- 
mediately upon receipt of the leukopak, pe- 
ripheral blood mononuclear cells (PBMCs) 
were purified by gradient centrifugation and 
cryopreserved in aliquots of approximately 
5 x 10° PBMCs. The junctional regions of anti- 
body heavy chain libraries were amplified as 
in Willis et al. (48). SPRI-purified sequencing 
libraries were initially quantified using fluo- 
rometry (Qubit, Thermo Fisher Scientific) 
before size determination using a bioanalyzer 
(Agilent 2100). Libraries were requantified 
using qPCR (KAPA Biosystems) before sequenc- 
ing on either an Illumina HiSeq (2 x 150-bp 
chemistry) or NextSeq (2 x 150-bp chemistry). 
Sequences were merged with PANDAseq using 
the default (symple_bayesian) merging algo- 
rithm before annotation with Abstar (27). Iden- 
tical amino acid sequences from the same 
donor and biological replicate were collapsed 
into a single unique amino acid sequence. 


BG18 precursor frequency estimate 


The NGS dataset of human BCR HCs was 
queried by bioinformatic searches to gain 
information on the frequency of BG18-like 
HCDR3s in the human B cell repertoire (fig. 
S5). HCDR3s meeting the definition of BG18- 
like feature set i in fig. S5A, constituting a 
broad set of potential BG18-like HCDR3 pre- 
cursors, were identified in 14 of 14 donors 
(fig. S5C). The geomean frequency was 1 in 
58,000 among the 10 donors sequenced by 
Briney et al. (21) using UIDs. To refine this 
frequency estimate, we considered that only 
11 of 14 BG18 iGL variants with NGS-derived 
HCDR3s differing in the HCDR3 junctions 
(fig. S5B) exhibited binding to N332-GT2 (Fig. 
1D). BG18-like feature set ii (HCDR3 junction 
features) in fig. S5A characterized amino acids 
present in the nontemplated junction regions 
of BG18 and its somatic variants (17) and in the 
11 precursors that bound to N332-GT2. The 
frequency of HCDR3s meeting the definitions 
for both feature sets i and ii was found to be 
lower than those within set i by a factor of 
104. Because the V;, gene plays an important 
role In the BG18 V1-loop straddling binding 
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mode, we incorporated V;, gene usage into the 
frequency estimate, as feature set iii (“Vr gene 
family”). We made the conservative assump- 
tion that only V;3 LCs can support the BG18- 
class binding mode, as all V,3 LCs tested 
bound with high affinity to N332-GT2. The 
frequency of all V;,3-derived Abs in the HC-LC 
paired sequences in DeKosky et al. (49) was 
1in 9 (13845 V; 3s in 127701 sequences). We 
also assumed that any Vy gene can support 
this binding mode, because when five of the 
most common human Vj; genes were substi- 
tuted into BG18 iGL, all five variants showed 
low nanomolar binding to N332-GT2 (Fig. 1D). 
Therefore, no frequency factor was imposed 
for Vy; gene usage. Multiplying the frequencies 
of all three feature sets together gave our best 
estimate for the frequency in the human B cell 
repertoire of BG18-like precursors that could 
be targeted by N332-GT2: 1 in 54 million. 


N332-GT-specific naive human B cell sorting 
and BCR sequencing 


LRS (leukoreduction) tubes were obtained 
from the San Diego Blood Bank from healthy, 
HIV-seronegative human donors. These studies 
do not constitute human subjects research, 
as determined by the Institutional Review 
Boards of both La Jolla Institute and The 
Scripps Research Institute. More than 1 billion 
peripheral blood mononuclear cells were reg- 
ularly recovered from each donor. CD19* B cells 
were isolated using a positive-selection magnetic- 
bead separation kit (Miltenyi Biotec) and resus- 
pended in complete RPMI media with 10% FBS. 

Avi-tagged protein immunogens were bio- 
tinylated using the Bulk BirA kit (Avidity, LLC). 
N332-GT5 and N332-GT5-KO probes were used 
in N332-GT5 sorting experiments. N332-GT2 
and N332-GT2-KO probes were used in N332- 
GT2 sorting experiments. N332-GT1 and MD39 
probes were used in N332-GT1 sorting experi- 
ments. 1lmutg and MD39 probes were used in 
1lmutg sorting experiments. Biotinylated pro- 
tein immunogens were individually premixed 
with fluorescently labeled streptavidin to form 
tetramer probes. Multiple tactics were used 
to avoid false positives: (i) used two “positive” 
probes, (ii) each “positive” probe used a dif- 
ferent protein tag (His-tag or Strep-tag) to 
avoid tag specific B cells, (iii) used a “negative” 
probe to identify N332-epitope specific B cells, 
(iv) chose independent (no tandems) fluoro- 
chromes for all probes to avoid fluorochrome 
specific B cells (29). For example, N332-GT2 
sorting experiments used the follow probes: 
N332-GT2-StrepTag-biotin + streptavidin Alexa 
Fluor 647 (“N332-GT2-S-A647”), N332-GT2- 
HisTag-biotin + streptavidin Brilliant Violet 
421 (“N332-GT2-H-BV421”), and N332-GT2-KO- 
StrepTag-biotin + streptavidin phycoerythrin 
(“N332-GT2KO-S-PE”). 

Cells were incubated with N332-GT probes 
for 20 min at 4°C. Without washing, anti-CD19 
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(PE-Cy7,ThermoFisher, clone HIB19) and anti- 
CD20 (PE-Cy7, ThermoFisher, clone 2H7), in 
addition to anti-IgG (APC-Cy7, Biolegend, 
clone HP6017), anti-CD3 (APC eFluor780, 
ThermoFisher, clone UCHT1), anti-CD14 (APC 
eFluor780, ThermoFisher, clone 61D3), anti- 
CD16 (APC eFluor780, ThermoFisher, clone 
eBioCB16), and Live/Dead (APC eFluor780, 
ThermoFisher) for exclusion, were added for 
an additional 20 min. A BD FACSAria was used 
for all cell sorting. Cells were sorted at a flow 
rate of 1500 events/s using an 85-um nozzle. 
Sorting stringency was set to a strict setting 
to obtain one cell per well. Single B cells were 
sorted directly into cold lysis buffer or N332- 
specific clonal B cell lines were generated and 
interrogated as in (9). cDNA synthesis, nested 
BCR PCR, Sanger sequencing and sequence 
analysis was carried out as in (15). Sorting was 
done with FACSDiva (BD) software and post-sort 
analyses were done with FlowJo (FlowJo, LLC). 

In order to determine a normal HCDR3 
length distribution for naive human B cells, 
we combined sequences from DeKosky e¢ al. 
(49) and Jardine et al. (30). For control Vz, 
gene frequencies, only H+L paired sequences 
from DeKosky et al. (49) were used. Statistical 
analysis of LC V gene usage (Fig. 3D) was done 
by applying Fisher’s exact test (two-sided) to 
each immunogen-probe B cell set (i.e., N332- 
GT1, N332-GT2, N332-GT5) compared to the 
reference normal population. 


Adoptive transfer experiments and immunization 


For adoptive transfer experiments, B cells 
were isolated from CD45.2 C57BL/6J (“WT”) 
or BG18*" KI mice of 8 to 10 weeks of age, 
and cells were resuspended in 150 ul of PBS 
and counted by The NucleoCounter NC-200 
(ChemoMetec USA Inc). The 150-1 cell sus- 
pensions were injected i.v. into CD45.1 B6. 
SJL-Ptpre* Pepe? / BoyJ recipient animals (5 x 
10° cells per mouse for BG182" transfers and 
50 x 10” cells per mouse for C57BL/6 trans- 
fers). One day later, recipient mice were in- 
jected i-p. with 10 ug GT2- or MD39-NPs with 
Sigma adjuvant (Sigma, # $6322 SIGMA). After 
8 days, mice were sacrificed to harvest spleen 
samples. Blood samples were taken from the 
submandibular vein on days 0 and 14 after 
immunization. Four immunization conditions 
were tested in two independent experiments, 
with the following total number of mice in each 
condition: (i) BG18®" B cell transfer, N332-GT2 
NP immunization (N = 6 for day 8 GC analysis, 
N = 5 for day 14 ELISA); (ii) BG18®" B cell 
transfer, MD39 NP immunization (N = 3 for 
day 8 GC analysis, N = 3 for day 14 ELISA); 
(ii) WT B cell transfer, N332-GT2 NP immu- 
nization (N = 5 for day 8 GC analysis, N = 5 for 
day 14 ELISA); (iv) WT B cell transfer, MD39 
NP immunization (N = 3 for day 8 GC analysis, 
N = 3 for day 14 ELISA). We complied with 
all relevant ethical regulations. The animal 
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studies were approved by the Institutional Ani- 
mal Care and Use Committee of Massachusetts 
General Hospital. 


Antigen specific single-cell sorting for BCR 
sequencing in mouse experiments 


Antigen tetramers were prepared by conju- 
gating for 1 hour (room temp.) biotinylated 
N332-GT2 and N332-GT2-KO trimers with 
fluorescently labeled streptavidins (Alexa Fluor 
488, Alexa Fluor 647, eBioscience; Alexa Fluor 
568, Thermo Fisher Scientific) in a 4:1 molar 
ratio. The same streptavidins conjugated with 
biotinylated Fab anti-IgM and biotinylated 
BSA were used as positive and negative stain- 
ing controls, respectively (data not shown). 
Single-cell suspensions generated from spleen 
samples were depleted of red blood cells by 
ACK lysis, Fe blocked (BD Biosciences), and 
stained in FACS buffer (2% FCS/PBS) with 
antigen tetramers for 30 min at 4°C, 50 nM 
concentration. Next, a cocktail of mAbs was 
added for 30 min at 4°C. For staining of 
splenocytes from naive mice (Fig. 2A), the 
cocktail was B220 PerCP-Cy5.5 (Clone RA3- 
6B2, Biolegend), IgD PE-Cy7 (Clone 11-26c.2a, 
Biolegend), CD4 APC-eFluor780 (Clone RM4-5, 
eBioscience), CD8a APC-eFluor780 (Clone 53- 
6.7, eBioscience), F4/80 APC-eFluor780 (Clone 
BM8, eBioscience), Ly-6G APC-eFluor780 (Clone 
RB6-8C5, eBioscience). For staining of spleno- 
cytes from immunized mice (fig. S13), the 
cocktail was CD38 Alexa Fluor 700 (Clone 90, 
Invitrogen), CD45.2 PE (Clone 104, Bioleg- 
end), CD45.1 PerCP-Cy5.5 (Clone A20, Bioleg- 
end), B220 PB (Clone RA3-6B2, Biolegend), 
CD95 PE-Cy7 (Clone Jo2, BD Bioscience), CD4 
APC-eFluor780 (Clone RM4-5, eBioscience), CD8a 
APC-eFluor780 (Clone 53-6.7, eBioscience), F4/ 
80 APC-eFluor780 (Clone BM8, eBioscience), 
Ly-6G APC-eFluor780 (Clone RB6-8C5, eBio- 
science). Live-Dead staining kits (Thermo 
Scientific) were used to identify dead cells 
for exclusion from the analysis. Data acquisi- 
tion and single-cell sorting were performed on 
FACS ARIA II (BD Bioscience) and analyzed 
with FlowJo v. 10 (Tree Star). Single-cell sorting 
and single-cell PCR were carried out as described 
previously (25). 


Phylogenetic analysis 


We used Clustal Omega to create a multiple se- 
quence alignment (input amino acid sequences 
from heavy chain PCR) and iTol (EMBL) to 
plot phylogeny trees: https://itol.embl.de/help/ 
gkw290.pdf. The distance between nodes in 
the trees in Fig. 2I is a representation of dis- 
similarity (or evolutionary distance); the scale 
indicates the number of substitutions per site. 


Analysis of Ab-antigen complexes for pathogens 
other than HIV 


A broad but nonexhaustive set of antibody- 
antigen complexes for diverse major human 
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pathogens were analyzed. If the HCDR3 was 
judged to play an important structural role in 
the interaction, then the HCDR3 sequence 
was analyzed for similarity to human germline 
D genes, checking all reading frames for all 
D genes listed at IMGT (50). We did not have 
access to nucleotide sequences for all Abs, 
so amino acid sequences were used for this 
analysis. If a recognizable D gene could be 
identified, then the complex was subjected to 
buried surface area (BSA) analysis. Antibody 
BSA analysis was carried out using PDBePISA 
(51). Glycan interfaces were not included in 
the BSA analysis. All complexes analyzed for 
buried surface area were included in fig. S18, 
except if the HCDR3 length was >20 amino 
acids and the Ab BSA analysis indicated that 
Vy, Vr, and HCDR3 all contributed substan- 
tially to the buried area on the Ab, in which case 
the complex was not considered a promising 
target and was not considered further. CDRs 
and FWs were specified according to IMGT 
convention (52). Somatic hypermutation (SHM) 
was determined by aligning the Vy and Vz, 
genes to the IMGT human germline Vy and 
Vx; genes and calculating the % difference in 
amino acid sequence from the most similar 
human germline gene. Insertions or deletions 
relative to the most similar human germline 
Vy, or Vz, gene were identified similarly. 


Statistical analysis 


Statistical parameters including the mean (or 
geometric mean), the SEM (or geomeric stan- 
dard deviation), and in some cases the P value, 
are reported in the figures. Statistical analy- 
ses were performed using Prism (GraphPad 
Software) and compared with Student’s ¢ test 
(Fig. 2, D to F) or chi-square test (Fig. 3D); 
P values < 0.05 were considered significant. Cor- 
respondences between the number of asterisks 
and the P values are stated in the figure legends. 
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ASTEROIDS 


Episodes of particle ejection from the surface 
of the active asteroid (101955) Bennu 


D. S. Lauretta*} and C. W. Hergenrother*{ et al. 


INTRODUCTION: Active asteroids are small bodies 
in the Solar System that show ongoing mass 
loss, such as the ejection of dust, which may 
be caused by large impacts, volatile release, or 
rotational acceleration. Studying them informs 
our understanding of the evolution and destruc- 
tion of asteroids and the origin of volatile ma- 
terials such as water on Earth. 

The OSIRIS-REx (Origins, Spectral Inter- 
pretation, Resource Identification, and Security- 
Regolith Explorer) spacecraft has rendezvoused 
with the near-Earth asteroid (101955) Bennu. 
The selection of Bennu as the OSIRIS-REx tar- 
get was partially based on its spectral sim- 
ilarity to some active asteroids. Observations 
designed to detect mass loss at Bennu were 
conducted from Earth and during the space- 


craft’s approach, but no signs of asteroid activ- 
ity were found. However, when the spacecraft 
entered orbit in January 2019, we serendipitously 
observed particles in the vicinity of Bennu that 
had apparently been ejected from its surface. 


RATIONALE: We analyzed the properties and 
behavior of particles ejected from Bennu to 
determine the possible mechanisms of ejec- 
tion and provide understanding of the broader 
population of active asteroids. Images ob- 
tained by the spacecraft indicate multiple 
discrete ejection events with a range of en- 
ergies and resultant particle trajectories. We 
characterized three large ejection events that 
respectively occurred on 6 January, 19 January, 
and 11 February 2019. Tracking of individual 


Schematic diagram of orbit determination model output for the 19 January 2019 particle ejection 
event from asteroid Bennu observed by the OSIRIS-REx spacecraft. Bennu is depicted in gray and has a 
diameter of ~500 m. OSIRIS-REx is indicated with the brown dot, ~2 km from Bennu’s center of mass; 
the cone represents the viewing angle. Blue arcs are particle trajectories, ending or with gaps where the 
trajectories pass into shadow. The Sun-angular momentum frame coordinates are shown at bottom right: 
x, solar vector; y, Bennu orbital direction; z, Bennu north. 
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particles across multiple images by means of 
optical navigation techniques provided the 
initial conditions for orbit determination mod- 
eling. By combining these approaches, we esti- 
mated the locations and times of ejection events 
and determined initial velocity vectors of par- 
ticles. We estimated the particle sizes and the 
minimum energies of the ejection events using 
a particle albedo and density consistent with ob- 
servations of Bennu. 


RESULTS: Particles with diameters from <1 to 
~10 cm were ejected from Bennu at speeds 
ranging from ~0.05 to >3 ms’. Estimated 
energies ranged from 270 mJ for the 6 January 
event to 8 mJ for the 11 February event. The 

three events arose from 
widely separated sites, 
Read the full article Which do not show any 
at http://dx.doi. obvious geological dis- 
org/10.1126/ tinction from the rest of 
science.aay3544 Bennw’s surface. However, 
“mms a OO ad 
in the late afternoon, between about 15:00 and 
18:00 local solar time. 

In addition to discrete ejection events, we 
detected a persistent background of particles 
in the Bennu environment. Some of these back- 
ground particles have been observed to persist 
on temporary orbits that last several days—in 
one case, with a semimajor axis >1 km. The 
orbital characteristics of these gravitationally 
bound objects make it possible to determine 
the ratio of their cross-sectional area to their 
mass. Combined with their photometric phase 
functions, this information constrains the pa- 
rameter space of the particles’ diameters, den- 
sities, and albedos. 


CONCLUSION: Plausible mechanisms for the 
large ejection events include thermal fractur- 
ing, volatile release through dehydration of 
phyllosilicates, and meteoroid impacts. The 
late-afternoon timing of the events is consistent 
with any of these mechanisms. Bennu’s boulder 
geology indicates that thermal fracturing, perhaps 
enhanced by volatile release, could occur on the 
asteroid surface. Smaller events, especially those 
that occur on the night side of Bennu, could be 
attributable to reimpacting particles. 

Our observations classify Bennu as an active 
asteroid. Active asteroids are commonly iden- 
tified by major mass loss events observable 
with telescopes, on scales much greater than 
we observed at Bennu. Our findings indicate 
that there is a continuum of mass loss event 
magnitudes among active asteroids. 


The full lists of author names and affiliations are available in the 
full article online. 
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Episodes of particle ejection from the surface 
of the active asteroid (101955) Bennu 
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D. P. Glavin®, D. R. Golish’, C. M. Hartzell?®, R. A. Jacobson’, E. R. Jawin’®, P. Jenniskens”, 

J.N. Kidd Jr, E. J. Lessac-Chenen’, J.-Y. Li’, G. Libourel”®, J. Licandro”, A. J. Liounis®, 

C. K. Maleszewski‘, C. Manzoni2°, B. May”°, L. K. McCarthy®, J. W. McMahon”®, P. Michel?®, 

J. L. Molaro”®, M. C. Moreau®, D. S. Nelson?, W. M. Owen Jr., B. Rizk’, H. L. Roper’, B. Rozitis”, 

E. M. Sahr’, D. J. Scheeres”®, J. A. Seabrook’, S. H. Selznick’, Y. Takahashi’, F. Thuillet’’, P. Tricarico™, 


D. Vokrouhlicky”2, C. W. V. Wolner? 


Active asteroids are those that show evidence of ongoing mass loss. We report repeated instances of 
particle ejection from the surface of (101955) Bennu, demonstrating that it is an active asteroid. The 
ejection events were imaged by the OSIRIS-REx (Origins, Spectral Interpretation, Resource Identification, 
and Security—Regolith Explorer) spacecraft. For the three largest observed events, we estimated the 
ejected particle velocities and sizes, event times, source regions, and energies. We also determined the 
trajectories and photometric properties of several gravitationally bound particles that orbited temporarily 
in the Bennu environment. We consider multiple hypotheses for the mechanisms that lead to particle 
ejection for the largest events, including rotational disruption, electrostatic lofting, ice sublimation, 
phyllosilicate dehydration, meteoroid impacts, thermal stress fracturing, and secondary impacts. 


ctive asteroids are small bodies that 
have typical asteroidal orbits but show 
some level of mass-loss activity, such as 
ejection of dust or the development of a 
coma or tail (7). Several objects in the 
main asteroid belt or the near-Earth asteroid 
population have been observed to show vary- 
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ing levels of mass loss, such as the active as- 
teroid 133P/Elst-Pizarro (2). Some of these 
objects behave as comets and eject dust over 
long periods of time, from days to months, or 
during multiple perihelion passages [includ- 
ing 133P/Elst-Pizarro (3)]. Other active aster- 
oids eject dust over short time scales in one or 
a series of impulsive events, such as in the 
case of (6478) Gault (4). Still others have been 
observed to split into multiple objects or, in 
the case of P/2016 G1 (PANSTARRS), com- 
pletely disintegrate (5). Near-Earth asteroid 
(3200) Phaethon has exhibited low levels of 
mass loss during multiple orbits when less 
than 0.15 astronomical units (AU) from the 
Sun (6, 7). Multiple ejection mechanisms have 
been suggested to explain asteroid activity, 
including collisions, water-ice sublimation, 
rotational destabilization, thermal fracturing, 
and dehydration (8). 

The OSIRIS-REx (Origins, Spectral Interpre- 
tation, Resource Identification, and Security- 
Regolith Explorer) spacecraft arrived at the 
~500-m-diameter B-type near-Earth asteroid 
(101955) Bennu in December 2018. Bennu was 
selected as the mission target partly because of 
its spectral similarity to some active asteroids 
(9). Here, we describe and analyze OSIRIS-REx 
observations of activity originating from 
Bennu’s surface. We initially detected this 
phenomenon in navigational images from 
6 January 2019, 1 week after the spacecraft 
entered orbit and 4 days before Bennu peri- 


6 December 2019 


helion (10). We subsequently detected multiple 
particle ejection events between December 2018 
and February 2019. The largest observed events 
each released dozens of observed particles. 


Particle detections 


Dust and natural satellite searches were con- 
ducted during the spacecraft’s approach to 
Bennu during early proximity operations in 
September to November 2018, which yielded 
null results (10). Signs of asteroid activity may 
have been detected by the OSIRIS-REx La- 
ser Altimeter [OLA (71)] (figs. SI and S2) in 
December 2018. OLA recorded 21 lidar re- 
turns off the limb of the asteroid during the 
Preliminary Survey mission phase, including 
four at distances of 399 m (4 December), 397 m 
(8 December), and 562 and 576 m (12 December, 
3.1 hours apart) from Bennu’s center. These 
four signals prompted a search for correspond- 
ing objects in images from the same dates, 
without success. However, the geometry sug- 
gests that these four returns were probably from 
objects or groups of objects (12). The earliest 
evidence of activity in imaging data is a parti- 
cle 8 + 3 cm (lo) in diameter on a suborbital 
trajectory, imaged by the NavCam 1 imager of 
the Touch and Go Camera System (TAGCAMS) 
(73) on 10 December 2018. We cannot rule out 
activity before December 2018. The searches 
performed during the spacecraft’s approach to 
the asteroid did not have sufficient sensitivity 
to detect most of the activity that was later 
observed at closer ranges. A particle as large 
as the one observed on 10 December would 
have been detectable with the natural satel- 
lite searches; lack of detection implies that 
events ejecting particles of that size were rela- 
tively rare or nonexistent during the space- 
craft’s approach. 

On 31 December 2018, the spacecraft en- 
tered into an eccentric, near-terminator orbit 
that ranged between 1.6 and 2.1 km from 
Bennu’s center of mass. This Orbital A mission 
phase continued until 28 February 2019, when 
the spacecraft departed orbit to perform the 
Detailed Survey (4). During the early part of 
Orbital A, we acquired NavCam 1 image sets 
roughly every 2 hours to provide optical nav- 
igation (OpNav) data for the flight dynamics 
team (table S1) (75). Each image set consisted 
of four images taken in pairs ~7 min apart. 
Each pair contained a short-exposure image 
(1.4 ms) to capture landmarks on Bennv’s sur- 
face, followed immediately by a long-exposure 
image (5 s) to capture the background star field. 

The first particle ejection event that we iden- 
tified was observed in OpNav images taken 
on 6 January at 20:56:21 Coordinated Univer- 
sal Time (UTC) (Fig. 1, A and B, and fig. S3). 
The particles appear as more than 200 star- 
like point-source objects and trailed (higher- 
velocity) objects located off the northern polar 
limb of Bennu. The image taken 7 min and 16 s 
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Fig. 1. Particle ejections from Bennu. (A and C) Composite views of particle 
ejections from the surface of asteroid Bennu on (A) 6 January and (C) 

19 January. These images were produced by combining two exposures taken by 
the NavCam 1 imager in immediate succession: a short-exposure image (1.4 ms), 
showing the asteroid, and a long-exposure image (5 s), showing the particles 
(12). Image processing techniques were applied to increase the brightness and 
contrast of the ejected particles, which would otherwise be invisible at the 

The original images are shown 
he top right, pointing into the 
he north pole is to the top right, 
pointing out of the image; the subobserver latitude is 60° (B and D) Two 
NavCam images taken immediately after the ejection events on (B) 6 January 
of Bennu and differenced to 


same time as the bright asteroid surface (12). 
in fig. S3. In (A), Bennu’s north (+z) pole is to 
image; the subobserver latitude is -36° In (C), 


and (D) 19 January are registered on the cente 


later shows objects in common with the earlier 
image that have moved away from Bennu, 
implying the movement of discrete particles 
(Fig. 1B). This observation triggered an im- 
mediate risk assessment of whether it was safe 
for the spacecraft to remain in orbit, which was 
concluded affirmatively, and led to an obser- 
vational campaign to detect and characterize 
Bennw’s apparent activity. 

We increased the imaging cadence in re- 
sponse to the initial event to better charac- 
terize the frequency of particle ejections and 
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any persistent particle population (table S1). 
Starting on 11 January, NavCam 1 began col- 
lecting image pairs of each field every 30 min. 
On 28 January, we again increased the ca- 
dence, collecting image pairs of each field every 
20 min. This imaging frequency continued 
until 18 February. During this time period, 
we detected two additional ejection events 
of a similar scale, on 19 January (Fig. 1, C and 
D, and fig. S3) and 11 February (fig. $4). The 
distance from the spacecraft to Bennu’s cen- 
ter of mass was 1.66 km for 6 January, 1.99 km 
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are differenced. The opposite shading corresponds 


only to the image with the larger field of view [earlier image in (B), later image in 


for 19 January, and 1.64 km for 11 February. 
We used the imaging dataset to characterize 
these three events, which were the largest 
observed (they had the highest number of 
detected particles). We also observed several 
smaller events, in which fewer than 20 parti- 
cles were detected (Fig. 2). There is also a 
persistent background level of particles in 
the Bennu environment; we detected a few par- 
ticles per day during Orbital A, with observed 
increases immediately after the 19 January 
and 11 February events (Fig. 2). 
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Characterization of the largest 

observed events 

For the 6 January, 19 January, and 11 February 
events, a particle distribution pattern near the 
limb of Bennu in the first image of each event 
is also apparent in the image collected ~’7 min 
later, farther from the limb and dispersed (Fig. 
1, B and D), and also appears in subsequent 
images for the 19 January and 11 February 
events. Using OpNav techniques developed 
for spacecraft navigation, we associated indi- 
vidual particle detections from this pattern 
and determined the trajectory and velocity of 
each particle (72). Fast-moving particles cross 
multiple pixels in a single exposure and appear 
as trails, providing position and velocity infor- 
mation within one image. For each event, 
OpNav analysis constrains two possible loca- 
tions (a near and far radiant) on Bennw’s sur- 
face from which the particles originated (Fig. 
3, Table 1, and table S2) (72). 

The 6 January event is the least constrained 
(particles detected in only two images) of the 
three largest events. We determined that the 
event originated at a high southern latitude 
(between about 57°S and 75°S) (Table 1 and 
Fig. 3A) (72), with an ejection time between 
15:22 and 16:35 local solar time (LST). How- 
ever, the event location relative to the space- 
craft and the limited dataset make estimating 
the precise latitude and ejection time difficult. 
For this event, we determined speeds for 117 of 
the 200 observed particles, ranging from 0.07 
to 3.3 m s”. Fifty-two particles were moving 


more slowly than Bennu’s escape velocity 
[20 cm s‘ for the volume-averaged Bennu 
radius (72, 16)] (fig. S5). 

Because of the increased imaging cadence, 
there is a more extensive dataset for the 
19 January and 11 February events. We used 
the output of the OpNav characterization to 
provide initial conditions for higher-fidelity 
orbit determination (OD) modeling. In these 
models, we assumed that the particles from a 
given event left Bennu’s surface at the same 
location on a trajectory influenced by point- 
mass gravity (12). We performed this analysis 
on 24 particles from the 19 January event 
(Movie 1) and 25 particles from the 11 February 
event. For these two events, with individual 
particles identified in more than three images, 
this analysis allows us to estimate a single 
location for the particle source location (Fig. 3, 
B and C) as well as ejection timing and initial 
velocity vectors (Table 1). 

We determined the ejection epoch (moment 
in time) by extrapolating the OD solutions 
backward to the point where they intersect 
Bennu’s surface. This analysis shows that the 
event on 19 January occurred at 00:53:41 + 
4s (30) UTC from a location on Bennu at 
latitude 20°N, longitude 335° The epoch 
corresponds to 16:38 LST at that location. 
Surface ejection velocity magnitudes ranged 
from 0.06 to 1.3 ms. The 19 January timing 
data show a bimodal distribution, with a 
small peak occurring 6 min before the main 
epoch (fig. S6), suggesting that some of 
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Fig. 2. Particle detections during the Orbital A mission phase. (A) Distance of Bennu from the Sun over 
the same time period as shown in (B). (B) Particle detections associated (purple and orange) and not 
associated (light blue) with observed ejection events. The changes in the background shading indicate when 
the observation cadence increased on 11 January and again on 28 January 2019. 
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the particles may have ejected in a smaller 
event before the large release. The event on 
11 February occurred at 23:27:28 + 6 s (30) 
UTC from latitude 20°N, longitude 60°, cor- 
responding to 18:05 LST, with observed velo- 
city magnitudes ranging from 0.07 to 0.21ms 1. 
All particles from this event appear to have 
left the surface nearly simultaneously (fig. S6). 
Many of the characterized particles are on 
ballistic trajectories that reimpact the surface 
on the night side of Bennu, whereas high- 
velocity particles escape on hyperbolic trajec- 
tories (Movie 1). 

Images of the particle source locations on 
Bennu (Fig. 3, A to C) show no obvious geo- 
logical distinction from other locations on 
the surface of Bennu. The event radiant lo- 
cations contain abundant rocks that are di- 
verse in size and surface texture, as well as 
small circular depressions that may be impact 
craters. However, similar features are globally 
distributed on Bennu (/7, 18). We analyzed the 
normal albedo distribution of the two better 
constrained source regions (19 January and 
11 February) and found that they are similar 
to the global distribution for Bennu (19), av- 
eraging 0.042 + 0.003 (10) (Fig. 3, D and E) (72). 
The lack of obvious morphologic or albedo 
variation may be due to the very low energies 
associated with the ejection events (Table 1 and 
table S3). 


Characterization of gravitationally 
bound particles 


In addition to particles released in ejection 
events, we observed a gravitationally bound 
background population of particles in the 
Bennu environment (Fig. 2). Among these are 
a few objects that remain in orbit for several 
days. From among the 215 tracks (linkages 
of individual detections of the same particle 
over a short time), we identified a represen- 
tative group of six distinct gravitationally bound 
particles for further analysis. The trajecto- 
ries around Bennu of these six particles and 
their altitude histories are shown in Fig. 4. 
Orbital elements are given in table S4 and 
fig. S7. Particles 1 to 4 are on short-lived orbits, 
persisting for 4 to 17 revolutions, with life- 
times ranging from 2 to 6 days. These orbits 
show a range of inclinations, from near equa- 
torial to polar. Both prograde and retrograde 
orbits occur. The semimajor axis of particle 1 is 
>1 km, compared with 0.4 to 0.5 km for par- 
ticles 2 to 4. Particles 5 and 6 are suborbital. 
By extrapolating the orbits back to the time 
when they intersected Bennu’s surface, we 
determined that three of the six particles 
ejected from the night side of Bennu (be- 
tween 18:00 and 06:00 LST) (table S5). The 
six particles were ejected with orbital veloc- 
ities in the range of 15 to 20 cms“. Surface- 
relative velocities at ejection range from roughly 
10 to 25 cms". 
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Particle properties 

We constrained the area-to-mass ratios (where 
area is cross-sectional) of the six bound par- 
ticles by using the trajectory information and 
modeling the nongravitational forces, which 
primarily arise from radiation pressures (table 
S5) (12). The particle trajectories also enabled 
us to calculate the phase angle and range of 
each observation to the spacecraft, from which 
we determined the photometric phase func- 
tions for particles 1 to 3, constraining the visi- 
ble absolute magnitude of each particle (table 
$5). Combining the area-to-mass ratio and ab- 
solute magnitude information, and assuming 
a spherical shape, defines a distinct curve in 
density (p)-albedo (py) space for each particle 
(fig. S8). If we further assume particles with 
densities of 2 g cm™® [on the basis of Bennu 
meteorite analogs (20)], then their normal 
albedos range from 0.05 to 0.3. In that case, 
the derived albedos are brighter than 96% of 
the material on Bennu, and the particle di- 
ameters range from 0.4 to 4.4 cm. If, on the 
other hand, the particles have normal albedos 
of 0.04, which is consistent with the average 
surface material on Bennu (19), then the densities 
range from 0.7 + 0.3 (Io) to 1.7 + 0.4 (iso) g em 
(fig. S8). The high end of this range is consist- 
ent with meteorite analogs. The lower densities 
lead to larger particle diameters, ranging from 
1.2 to 8.5 cm. Given these uncertainties, we 
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conclude that the particle diameters are in 
the range of <1 to ~10 cm. 

With these constraints on the particle sizes, 
and the ejection velocities from the OD anal- 
ysis, we can estimate the energy of the ejection 
events (Table 1 and table S3) (72). Such esti- 
mates should be considered lower limits be- 
cause we may not have observed all ejected 
particles. In addition, our calculation assumes 
that the ejected particles had the average sur- 
face albedo of Bennu (0.044) (table S3) and the 
meteorite analog density of 2 g cm™’. For 
6 January, the 124 particles with measured 
photometry ranged in size from <1 to 8 cm, 
yielding a minimum event energy of ~270 mJ. 
For the 19 January event, more than 93 pho- 
tometrically measured particles with radii be- 
tween <1 and 7 cm ejected from the surface, 
giving a minimum event energy of 100 mJ. For 
11 February, more than 60 particles with radii 
between <1 and 7 cm ejected from the surface, 
with an associated minimum event energy of 
8 mJ (uncertainties on the event energies are 
provided in Table 1). 


Possible ejection mechanisms 


Several constraints apply to the particle ejec- 
tion mechanism: The three largest observed 
ejection events occurred in the late afternoon, 
between 15:22 and 18:05 LST. The largest ob- 
served event (6 January) occurred days before 
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Bennu reached perihelion (Fig. 1). The par- 
ticles left the surface at discrete times. The 
observed particles ranged in size from <1 to 
~10 cm. The ejection locations occurred over 
a range of latitudes from 75°S to 20°N. Par- 
ticle velocities ranged from 0.07 to at least 
3.3 ms‘. The minimum kinetic energy of 
the ejected particles ranged from 8 to 270 mJ, 
assuming that the particles have albedos 
equivalent to the surface average of Bennu. 
Smaller events occurred that ejected fewer 
than 20 observed particles. Individual particles 
were ejected at a range of local solar times, in- 
cluding at night. 

Dust ejection is a common phenomenon 
in comets and active asteroids. Even for well- 
studied comets such as 67P/Churyumov- 
Gerasimenko, substantial uncertainty exists 
as to the physical mechanism through which 
particles are released from the surface (27). We 
consider multiple hypotheses for the particle 
ejection mechanism, evaluating their respec- 
tive strengths and weaknesses. These include 
rotational disruption, electrostatic lofting, comet- 
like ice sublimation, phyllosilicate dehydration, 
thermally driven stress fracturing, meteoroid 
impacts, and secondary impacts. 


Rotational disruption 


Mass shedding or splitting that results from 
rotational instability has been identified as a 
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Fig. 4. Gravitationally bound particle altitudes and trajectories. (A) Trajec- 
tories and (B to E) altitude above Bennu's surface over time for four orbiting 
particles (particles 1 to 4) (fig. S7 and tables S4 and S5). On the altitude 

plots, red circles mark the times of observations used in the trajectory estimate. 
Axis scales of the altitude plots differ. For particles 2 and 3, it is not clear whether 
the last revolution depicted occurred or whether the particle impacted at the 
previous periapsis passage. The ragged appearance of the curves is a result of 


possible explanation for the activity of the 
smaller active asteroids (22). In this scenario, 
rapidly rotating asteroids experience centrif- 
ugal forces greater than the centripetal forces 
from self-gravity, leading to particle ejection 
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preferentially from low latitudes. Particles 
launched from Bennuw’s surface would have a 
maximum velocity equal to the equatorial 
surface velocity of 10 cm s” (on the basis of 
Bennu’s ~250-m equatorial radius and ~4.3-hour 
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the rough topography of the surface of Bennu. (F) Trajectories and 

(G and H) altitude above Bennu’s surface over time, as in (A) to (E) but for 
two suborbital particles (particles 5 and 6) (fig. S7 and tables S4 and SS). 
The trajectories are seen from above Bennu's north pole [x axis toward the 
Sun, Z axis close to Bennu’s north (positive) pole, y axis roughly in the 
direction of Bennu's heliocentric velocity]. Particle 6 is the earliest evidence 
of a particle in imaging data (10 December). 


rotation period). This mechanism would pref- 
erentially produce particles in equatorial orbits 
in the rotational direction. It is not capable of 
launching particles on retrograde or hyperbolic 
trajectories, as we observed. 
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Fragment |} 
caren. ( 


Fig. 5. Two distinct types of exfoliation textures on Bennu. In all images, north 
on Bennu is down. The PolyCam telescopic imager (12) acquired the four frames in 
(A) and (C) while the spacecraft moved with respect to the surface at a speed of 
9 cms“ with exposures of (A) 1/300 of a second and (C) 1/200 of a second. These 
side-by-side stereo images are presented in the stereo “cross-eyed” configuration. 
A stereoscope-viewing version is available in fig. S10. Each pair of images has been 
adjusted to match their brightness, contrast, and shadow positions. (A) The parallax 
angle between these two images is 12° Phase angle, 44°; pixel scale, 6.6 cm per 
pixel; (longitude, latitude), (90° 11°). (B) Annotated version of the image on the right 


defined step crossing its center. A white “flake” is present in the upper right. (C) The 
parallax angle between these two images is 8° Phase angle, 30°; pixel scale, 

4.7 cm per pixel; (longitude, latitude), (44° -30°). (D) Annotated version of the image 
on the right in (C). The large black boulder displays exfoliation textures along both 
the east and west faces, with fractures running parallel to the texture in the rock. 
The large rock column in the bottom left has a profile that matches that of the step in 
the boulder, suggesting that this fragment may have been uplifted in an energetic 
exfoliation event. Even though the rock slab measures 5 by 5 by 1 m, it would only 
require ~5 J of energy to lift it, assuming a density of 2 g cm™°. Other spalled 


in (A). The large, 5-m white rock on the crater rim disp 


Electrostatic lofting 

Electrostatic lofting is the phenomenon of dust 
particles detaching from a surface once the 
electrostatic force on the particles exceeds 
those of gravity and cohesion (which bind the 
particles to the surface). The surface of an 
airless body (such as the Moon or an asteroid) 
interacts directly with the solar wind plasma, 
which charges the particles and produces a 
near-surface electric field. The electrostatic 
force is the product of the grain charge and 
the local electric field. Although electrostatic 
lofting has been discussed as a possible mech- 
anism of the lunar horizon glow (23), when 
considering cohesion, there remained a dis- 
crepancy between the electrostatic force nec- 
essary to loft particles and the charging 
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ays a flat face, with a well- 


conditions hypothesized to be present in situ 
(24). Charge exchange between individual 
particles may produce very strong, short-scale 
electric fields that are capable of lofting par- 
ticles in microgravity environments (25, 26). 
It is possible to electrostatically loft particles 
up to millimeters in radius at small asteroids 
such as Bennu (27), smaller than those we ob- 
served. The velocities of electrostatically lofted 
particles are likely to be less than 1 ms”, un- 
less additionally accelerated away from the 
surface by solar radiation pressure (27). 


Ice sublimation 


Dust release from comets is a major source of 
interplanetary dust particles. On comets, ice 
sublimation results in gas drag forces that 
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fragments are present around the base of the large boulder. 


eject dust particles from the surface (27). The 
gas-drag forces accelerate the released dust 
within a few times the radius of the nucleus, 
until solar radiation pressure takes over. For 
such sublimation to be the driver of the Bennu 
events, ice must be present at or near the sur- 
face. Several observed ejection events occurred 
at relatively low latitudes, where temperatures 
reach ~390 K (i7). At these temperatures, major 
cometary ice species (CO, COs, and H,0) are 
not stable [for example, (28)]. Additionally, 
there are no water-ice absorption features at 
1.5 or 2.0 um in spectra of the surface (20). 
Subsurface ice could be trapped at depths 
greater than 1 m at some locations for long 
periods (29). Rapid volatile release from such 
a reservoir would require exposure by large 
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Movie 1. Animation showing the results of the orbit analysis for a subset of the particles ejected from 
Bennu on 19 January. The highest-velocity particles are on escape trajectories and leave the Bennu 

environment. Most of the particles are on suborbital trajectories and reimpact the surface, primarily on the 
night side of the asteroid. 


impacts or deep thermal cracking at meter 
scales. We observed no geologic evidence of 
such processes acting recently at the event 
locations (Fig. 3). There is also no evidence of 
a coma or jets associated with volatile release 
(Fig. 1 and figs. $3 and S4). 


Phyllosilicate dehydration 


Although ice has not been observed on Bennu, 
the surface is rich in water-bearing minerals. 
Spectroscopy has shown that the surface is 
dominated by hydrated phyllosilicates, with 
the closest spectral match being CM-type car- 
bonaceous chondrite meteorites (20). Evolved 
gas analysis experiments on Murchison (a CM 
chondrite) have demonstrated that considera- 
ble volatile release can occur when heated 
from ambient temperature up to 473 K under 
vacuum [for example, (30-32)]. Although this 
temperature is ~70 K higher than the peak 
temperatures on Bennu, such low-temperature 
water release from Murchison indicates that 
the thermal dehydration of minerals begins 
with the loss of weakly bound adsorbed and 
interlayer water. 

Mechanical stresses on Bennu’s surface may 
generate adsorbed water, such as that released 
in laboratory experiments. The CM chondrites 
are dominated by Mg-rich serpentine and cron- 
stedtite, an Fe-rich phyllosilicate [for exam- 
ple, (33)]. In these hydrated phases, particle 
size reduction through grinding enhances 
dehydroxylation and yields highly disordered 
material (34). The dehydroxylation reaction is 
substantially accelerated owing to the transfor- 
mation of structural hydroxyls into adsorbed 
water in the resulting matrix. If mechanical 
stresses on Bennu result in a similar chemical 
transformation, the structural OH component 
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of the phyllosilicates that dominate the surface 
mineralogy may be converted into absorbed 
water concentrated within an outer layer of 
the surface rocks. It is possible that the re- 
lease of this adsorbed water within cracks 
and pores in boulders could provide a gas 
pressure leading to disruption of rock faces, 
such as is thought to occur on near-Earth 
asteroid (3200) Phaethon (35). 


Meteoroid impacts 


Solid bodies in space are routinely impacted 
by a steady flux of small meteoroids. Because 
Bennu is on an Earth-like orbit, we expect the 
flux of meteoroids at Bennu’s surface to be 
similar to that on Earth, once corrected for 
gravitational focusing. A model of the inter- 
planetary dust flux in near-Earth space has 
been determined by using data from in situ 
spacecraft measurements and lunar micro- 
crater studies (36) and is widely adopted for 
meteoroid flux in near-Earth space (37). Lunar 
meteoroids typically impact at velocities be- 
tween 13 and 18 km s‘ (38). If we assume an 
average velocity of 15.5 km s' for meteoroids 
at Bennu, an impact by an interplanetary 
dust particle with mass 2.5 ug would deposit 
300 mJ of energy into the surface, which is 
consistent with the estimated energy of the 
largest observed event (6 January). However, 
Bennu has a cross-sectional area of 1.96 x 
10° m’; applying this value to the inter- 
planetary dust flux model (36), we found that 
Bennu should be hit by a particle of this size 
on average once every minute, which is much 
more frequently than the observed ejection 
cadence. The large ejection events occurred 
on a roughly 2-week cadence. At that fre- 
quency, Bennu should be hit by an average of 
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one meteoroid with a mass ~3000 ug, de- 
positing more than 360,000 mJ of energy 
into the surface if it impacted at 15.5 kms’. 
Thus, only 0.07% of the impact energy from 
such events would need to be transferred to 
the particles to produce the largest observed 
ejection event. 

The result of hypervelocity impacts into 
Bennw’s surface depends substantially on the 
mass and velocity of the impacting grain and 
on the strength of the target material. Particle 
impacts at velocities on the order of 2.5 to 
3 kms‘ produce well-developed craters with 
rims, fracturing, and spallation of a large num- 
ber of particles (39). At higher speeds, such 
impact events produce little ejecta; instead, 
they deposit energy into a small volume of 
the asteroid surface, causing melting, vapor- 
ization, and at the highest energy densities, 
ionization of the target and impactor material 
producing plasma (40, 41). It is possible that 
the observed ejection events are the result of 
low-velocity meteoroid impacts, which occur 
much less frequently. Alternatively, the par- 
ticles may be accelerated by the small fraction 
of impact energy from more frequent, high- 
velocity impacts that did not result in plasma 
production. 


Thermal stress fracturing 


Bennw’s surface experiences extreme temper- 
ature variations over its 4.3-hour rotation 
period. Laboratory studies (42) showed that 
the CM chondrite Murchison quickly devel- 
oped cracks and spalled particles from diurnal 
temperature cycling under near-Earth aster- 
oid surface conditions. At the mid-latitudes, 
where the 19 January and 11 February events 
occurred, the surface temperature plunges 
to 250 K in the predawn hours and reaches 
a peak of 400 K at ~13:00 LST (72). Because 
Bennu has a moderate thermal inertia of 
350 Jm™” K's” (17, the maximum temper- 
ature at the thermal skin depth (penetration 
depth of daily thermal conduction) of ~2 cm 
occurs later in the afternoon, at ~16:00 LST. 
The amplitude of temperature variation falls 
by a factor of e at one thermal skin depth. Thus, 
for aregion on Bennu whose maximum surface 
temperature is 400 K, the peak temperature 
at a depth of ~2 cm reaches 325 K, inducing 
a strong thermal gradient over this short 
distance that cycles every 4.3 hours. 
Thermal cycling can drive the growth of 
cracks in rocks over a range of spatial scales 
within the thermal skin depth, controlled by 
the amplitude and frequency of the temper- 
ature cycle, mineral composition, constituent 
grain size, the overall rock shape, and its ori- 
entation relative to the Sun. At the bulk scale, 
stresses associated with temperature gradients 
and surface cooling are induced in different 
regions of a boulder at different times through- 
out the thermal cycle. Stresses that arise in the 
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shallow interior of large boulders tend to drive 
surface-parallel crack propagation (43). In 
the thermal fatigue regime, subcritical crack 
growth occurs slowly, propagating fractures 
incrementally over many cycles. Crack prop- 
agation velocity increases with crack length, 
until catastrophic disruption occurs, which may 
disaggregate material and eject particles from 
the surface. 

In terrestrial settings, thermal fatigue com- 
bined with tectonic unloading is known to 
cause rock dome exfoliation and energetic 
particle ejection (44). In these studies, rocks 
show the greatest evidence for stress and mi- 
crofracturing in the afternoon and evening. 
Although the tectonic unloading effects, which 
are not likely to be present on Bennu, are 
thought to add to the energy in these events, 
much less energy is needed to eject particles 
in a microgravity environment. Such energy 
may be stored as a result of structural deforma- 
tion related to thermal strain, providing excess 
energy that leads to particle ejection (35). 


Secondary surface impacts 


A possible mechanism for the small ejection 
events is the reimpact of disaggregated ma- 
terial released by larger events. Analysis of 
particle trajectories in the largest events show 
that the particles have a substantial velocity 
component in the direction of asteroid rota- 
tion. Because the largest events occur in the 
afternoon, a large fraction of the particles on 
suborbital trajectories impact the night side 
of the asteroid (Movie 1). During impact, these 
particles may bounce off the surface or collide 
with other small particles on the surface, re- 
sulting in subsequent ejection of a small num- 
ber of low-velocity particles. 

Dynamical calculations show that ejecta 
moving at surface-relative velocities up to 


30 cm s” (escape velocity of ~20 cm s* plus 
Bennu’s surface rotational velocity of 10 cm s”) 
lofted from the surface of Bennu can reimpact 
the surface days later (Movie 1). Depending on 
the impact location, reimpacting particles may 
be relaunched into a suborbital trajectory by 
bouncing off a hard surface such as a boulder 
(45) or ricocheting off a fine-grained surface 
(46, #7). Numerical simulations show that im- 
pacts on a fine-grained surface may result in 
the ejection of smaller surface particles at 
launch speeds that exceed the escape speed 
of Bennu (fig. S9). However, we have not di- 
rectly observed particles ejecting from Bennu 
that are as large as the impactors in these sim- 
ulations; in the energy regime that we have 
observed, particles of that size would not have 
traveled far enough from the asteroid to be 
detectable in our images. Our assessment thus 
leaves three viable candidates for the primary 
ejection mechanism: phyllosilicate dehydration, 
meteoroid impacts, and thermal stress fractur- 
ing (discussed in Conclusions and broader 
implications). 


Evidence from Bennu’s geology 


Particle ejection from rock surfaces is consist- 
ent with the widespread observation of exfo- 
liation features on Bennu’s surface (Fig. 5 and 
fig. S10). Exfoliation is the division of a rock 
mass into lenses, plates, or parallel “sheets” 
because of differential stresses (48). For some 
bright boulders on Bennu (Fig. 5A), lineation 
is present on the rock faces, and they exhibit 
sheets that parallel the direction of fracture 
propagation. The more abundant dark boul- 
ders on Bennu also exhibit exfoliation (Fig. 
5C). In these rocks, the exfoliation fractures 
are linear, but the finer-grained texture ap- 
pears as blocky segments in the fracture 
profile. Spalled fragments are seen resting 


on the surface and lying around the base of 
dark boulders. 

The observed textures are characteristic of 
surface stresses that drive surface-perpendicular 
cracking, segment exfoliation sheets, and cause 
near-surface disaggregation. We do not observe 
similar spalled fragments in the immediate 
vicinity of the brighter boulders. However, we 
observe bright rocks perched on the surfaces 
of boulders, in orientations that exhibit no 
evident alignment with the underlying boulder’s 
texture (for example, the bright object in the 
center-right of Fig. 5C). These bright rocks 
tend to have plate-like morphologies, similar 
to the exfoliation textures observed on the flat 
surfaces of the brighter rocks. Thus, exfolia- 
tion and fracturing may be operating on all 
boulders on Bennu, but the response of the 
bright rocks may be different—ejecting mate- 
rial over large distances, even on hyperbolic es- 
caping trajectories, whereas the darker boulders 
decompose on site, creating a halo of spalled 
fragments. 


Implications for Bennu’s geophysics 


The existence of low-energy particle ejection 
events on Bennu may result in reimpacting 
particles preferentially concentrated within 
the boundaries of Bennu’s rotational Roche 
lobe (the region where material is energeti- 
cally bound to the asteroid surface, between 
latitudes of ~+23°) (16). A random distribu- 
tion of ejection events with a sizable fraction 
of particle velocities less than the escape speed 
will preferentially transport material toward 
the equator owing to the lower geopotential. 
Once within the Roche lobe, the particles are 
trapped inside unless given a large enough 
speed (a few centimeters per second) and will 
be redistributed within the lobe owing to the 


chaotic orbital environment whenever lofted 


Table 1. Characteristics of the three largest observed particle ejection events. The more extensive imaging datasets acquired for the 19 January and 
ll February 2019 events, relative to that for the 6 January 2019 event, allowed higher-fidelity OD determination of the event locations and times. More detail is 
given in (12) and tables S2 and S3. 
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6 January 19 January 11 February 
umber of particles with photometry 124 (of 200 total observed) 93 (of 93 total observed), 60 (of 72 total observed) 
<lto8+3 <I 7/22 3 Il i@ 7/2 3 
VETTE OC 2 OE tee ethan toe neane ae Near radiant sun Far rad aE nee OTA ANE cosas OD Fadiant 
Latitude (degrees, +30) -74.95 -57.30 20.63 20.68 
ee ee en eee: Le Pet eT Ee) eet ase) Aa) ay De eh ented 0 eet ON tees 2" eee 
Longitude (degrees, +30) S532 343.67 335.40 60.17 
eR ees aerate eee ere sees el) a eee, (250) ee cL i Meare eterere ROM ell Vette 
Local solar time (+30) 15:22 16:35 16:38:01 18:05:31 
eas ge ed Neen ornate wore Sector ee eee ee eee ee 
UTC time (+30) 20:58:28 20:58:28 00:53:41 23:27:28 
+ 00:00:47 + 00:00:47 + 00:00:04 + 00:00:06 
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(16). Particles ejected with higher energies that 
achieve orbit will preferentially reimpact in 
the equatorial region within the lobe because 
of the larger asteroid radius there [(/6), figure 
5 therein]. After impact (which occurs at low 
speeds relative to the escape velocity), the 
particles will not have sufficient energy to 
escape the Roche lobe and again will be pref- 
erentially trapped, leading to a concentration 
of returning particles in these regions, as op- 
posed to a globally uniform distribution. 

Previous observations have indicated a 
steady increase in Bennv’s rotation rate that 
will lead to doubling of that rate in ~1.5 million 
years; this acceleration is consistent with the 
Yarkovsky-O’Keefe-Radzievskii-Paddack 
(YORP) effect (70, 49). The angular momentum 
associated with particles ejected on escaping 
trajectories could also influence the rotation 
rate. It is possible to generate the measured 
rotational acceleration of Bennu by ejecting 
several particles of diameter ~10 cm once per 
day in the westward direction from the equator, 
assuming no concurrent water vapor loss. A 
random ejection of escaping particles from 
the surface of a spinning body would produce 
a spin deceleration (50). 

We summed the net angular momentum 
change from particles launched normal to 
every facet on the asteroid surface and given 
a sufficient ejection speed for escape (12, 16). 
We found that such a flux would always cause 
Bennu to spin slower (fig. S11), counteracting 
the YORP effect (50). This implies that the 
strength of the YORP effect on Bennu due to 
solar photons could be greater than originally 
estimated (J0, 49). If Bennu were to eject, for 
example, on the order of 20 10-cm particles 
per day at a speed of 18 cm s"' (the speed at 
which the effect is the greatest) normal to ran- 
dom points on its surface, then on average, 
its rotational acceleration would be slowed 
by less than 1% of the measured rotational 
acceleration. Thus, when averaged over the 
entire surface, the net effect of particle ejec- 
tion is negligible relative to the YORP effect. 

The linear momentum transfer from the 
particle ejections is orders of magnitude lower 
than that of the transverse acceleration be- 
cause of thermal emission from Bennu, the 
operative component for the Yarkovsky effect 
(51). This acceleration peaks at ~10° m s” 
during perihelion (57). Such an accelera- 
tion leads to a daily change in velocity AV of 
10-7 ms‘, which is more than 7000 times the 
AV caused by a single 10-cm particle with a 
density of 2 g cm escaping at 1 ms”. 


Conclusions and broader implications 


The ejection events on Bennu inform our un- 
derstanding of active asteroids. There are sub- 
stantial differences between active asteroids 
as commonly defined—where major mass loss 
events occur through processes such as large 
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impacts, volatile release, and rotational accel- 
eration, leading to mass shedding—and rela- 
tively small mass loss events as we see on 
Bennu. It is likely that there is a continuum of 
event magnitudes and that we have been lim- 
ited to observing only the largest phenomena. 

Mass loss observed during perihelion from 
the B-type near-Earth asteroid (3200) Phaethon, 
the parent body of the Geminids meteor shower, 
apparently consists of smaller particles [1 um 
(52)] than observed at Bennu (<1 to ~10 cm). 
However, particles in the centimeter size range 
were not observable during studies of Phaethon 
at perihelion, and sub-centimeter particles 
would have been difficult to detect in NavCam 1 
images. Particles in the millimeter size range 
are observed as Geminids meteors (53). The 
mass loss from Bennu between 31 December 
and 18 February (including the three largest 
ejection events characterized above) was 
~10° g, which is orders of magnitude less than 
Phaethon’s near-perihelion mass loss (~10* to 
10° kg per perihelion passage) (7). The mass 
loss rate (~10~* g s"’) on Bennu is also many 
orders of magnitude less than the rates ob- 
served at other active asteroids (~10 to 10° gs") 
(2). Mass loss as seen at Bennu suggests that 
Phaethon’s current mass loss rate may include 
larger particles and be greater than remote 
observations imply. 

Having evaluated multiple hypotheses for 
the mechanism of particle ejection on Bennu, 
we found that thermal fracturing, volatile re- 
lease by dehydration of phyllosilicate rocks, 
and meteoroid impacts are plausible explan- 
ations. Rotational disruption and electrostatic 
lofting cannot explain the observed particle 
sizes and ejection velocities. There is no evi- 
dence for ice on the surface of Bennu or for 
recent exposure of a subsurface ice reservoir 
at the multiple ejection sites. Bennu’s boulder 
morphology and the event ejection times are 
consistent with exfoliation as a result of ther- 
mal fracturing, phyllosilicate dehydration, or 
an interplay between these two mechanisms. 
Because we expect meteoroid flux to be greatest 
in the leading hemisphere (late afternoon on 
Bennu because of its retrograde rotation), the 
ejection event times are also consistent with 
meteoroid impacts. It is possible that multiple 
mechanisms operate in combination. Reimpact- 
ing particles could play a role in the smaller 
ejections or contribute to the larger events. 

The particles that escape from Bennu on 
parabolic or hyperbolic orbits will escape onto 
heliocentric orbits, which we expect to dis- 
perse over time into a meteoroid stream. On 
the basis of the measured ejection velocities, 
meteoroids released after 1500 CE would not 
have spread wide enough to bridge the cur- 
rent distance between the orbits of Bennu 
and Earth, 0.0029 AU, but will do so when that 
distance decreases later in the 21st century 
(54). However, if Bennu was active in the past, 
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and the ejected particles survive for thousands 
of years, planetary perturbations would spread 
the stream wide enough to cause an annual 
meteor shower on present-day Earth around 
23 September. The shower would radiate from 
a geocentric radiant at right ascension 5° dec- 
lination -34° and speed 6.0 km s* (54), cor- 
responding to an apparent entry speed of 
12.7km s‘ (12). Meteoroids moving this slowly 
would create meteors of integrated visual 
magnitude +2 to -5, assuming an 0.7% lu- 
minous efficiency (55). The stream would not 
easily blend with the sporadic background 
over thousands of years. No shower is de- 
tected in current meteor orbit survey data 
(56), but those data have poor coverage in 
the Southern Hemisphere. 

The primary objective of OSIRIS-REx is to 
return samples of centimeter-scale rocks from 
the surface of Bennu to Earth for analysis (14). 
We have observed centimeter-scale particles 
frequently being ejected and reimpacting 
the asteroid surface. It is possible that the 
collected sample will contain some particles 
that were ejected and returned to Bennu’s 
surface. 
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STEM CELLS 


Stem cell-driven lymphatic remodeling coordinates 


tissue regeneration 


Shiri Gur-Cohen’, Hanseul Yang?, Sanjeethan C. Baksh’, Yuxuan Miao’, John Levorse?, 
Raghu P. Kataru’, Xiaolei Liu®, June de la Cruz-Racelis', Babak J. Mehrara’, Elaine Fuchs'* 


Tissues rely on stem cells (SCs) for homeostasis and wound repair. SCs reside in specialized microenvironments 
(niches) whose complexities and roles in orchestrating tissue growth are still unfolding. Here, we identify 
lymphatic capillaries as critical SC-niche components. In skin, lymphatics form intimate networks around hair 
follicle (HF) SCs. When HFs regenerate, lymphatic-SC connections become dynamic. Using a mouse model, 
we unravel a secretome switch in SCs that controls lymphatic behavior. Resting SCs express angiopoietin- 
like protein 7 (Angptl7), promoting lymphatic drainage. Activated SCs switch to Angptl4, triggering transient 
lymphatic dissociation and reduced drainage. When lymphatics are perturbed or the secretome switch is 
disrupted, HFs cycle precociously and tissue regeneration becomes asynchronous. In unearthing lymphatic 
capillaries as a critical SC-niche element, we have learned how SCs coordinate their activity across a tissue. 


o replenish and repair the tissues in 

which they reside, stem cells (SCs) must 

not only self-renew but also generate 

differentiated lineages on demand (1). 

Their interactions with their microenvi- 
ronment influence this decision (2-4). SC-niche 
interactions must be tightly regulated to avoid 
either excessive SC activity, which can cause 
tissue overgrowth and SC exhaustion, or in- 
sufficient activity, which can contribute to aging 
and defective tissue regeneration (5). 

Despite the importance of niche constitu- 
ents, SC-niche cross-talk is poorly understood. 
Additionally, most tissues have multiple niches, 
and the field still lacks an understanding of 
how SC niches are coordinated across a tissue. 
To tackle these problems, we used the murine 
hair coat as our paradigm because hair fol- 
licles (HFs) proceed through synchronized 
cycles of active growing (anagen) and resting 
(telogen) phases (the “hair cycle”), fueled by 
SCs within an anatomical niche (“bulge”) (3, 6) 
located just below the sebaceous glands (SGs) 
of every HF. 

Hair growth is sensitive to systemic changes 
(7, 8), hinting that vasculature (9) may be a key 
hair follicle stem cell (HFSC)-niche compo- 
nent. Although blood vessels are niche con- 
stituents in some tissues, whether and how 
lymphatic vasculature affects SC function is 
unclear (10-16). In this study, using cell biol- 
ogy, three-dimensional (3D) deep imaging, 
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and molecular genetic approaches, we identify 
lymphatic capillaries as an intimate feature of 
the HFSC niche. We show that dynamic lym- 
phatic remodeling, driven by SCs, regulates 
the regenerative process and integrates SC 
niches across the tissue. 


Lymphatic capillaries: A newly identified 
SC-niche component 


Assessing vascular-SC spatial relationships was 
made possible by a recent clearing method that 
renders opaque tissue transparent while pre- 
serving cellular and subcellular tissue structures 
(17) (fig. SLA). Whole-mount immunofluore- 
scence and 3D image reconstruction of skin 
exposed an array of dermal vessels, positive 
for panendothelial marker CD31, just below 
HF SGs. During telogen, large-diameter ves- 
sels closely approached keratin 24 (KRT24*) 
HFSCs within the lower bulge (fig. SIB and 
movie S1). 

HFSC-associated vessels were not blood 
vessels (Endomucin*), but rather they were 
positive for both surface lymphatic vessel 
endothelial hyaluronan receptor-1 (LYVE1) 
and vascular endothelial growth factor tyro- 
sine kinase receptor-3 (VEGFR3), establishing 
their lymphatic endothelial identity (Fig. 1, A 
and B; fig. S1, C to G; and movies S2 to $5). A 
similar association between lymphatic capil- 
laries and the bulge was seen in human HFs, 
which spend most of their time in anagen 
(fig. SIH). We focused on mice, whose hair 
growth cycles are shorter and temporally 
choreographed. By studying telogen (Tel), it 
was clear that lymphatics were tightly asso- 
ciated with the bulge and, to a lesser extent, 
with progenitors (hair germ, HG) that are 
primed to undergo proliferation and fate com- 
mitment at the onset of tissue regeneration 
[anagen I (AnalI)] (J) (Fig. 1A and fig. S1I). 
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Lymphatic capillaries drain into collect- 
ing vessels, which differ molecularly and 
anatomically, as well as in terms of permis- 
siveness to fluid and cell entry (18). Lym- 
phatics associated with the HFSC niche were 
thin-walled and blind-ended lymphatic capil- 
laries (VEGFR3*LYVE1"), whereas collecting 
vessels (VEGFR3*LYVEI") resided deeper 
within the dermis (Fig. 1, C and D, and fig. 
S1J). Moreover, relative to the posterior ar- 
rector pili muscle, capillaries were asymmet- 
rically positioned anteriorly along each bulge 
(fig. SIK and movie S6), at sites where new 
SCs form during early anagen (3). During 
embryogenesis, connections between lympha- 
tic capillaries and HFs also coincided with 
emergence of the quiescent bulge niche (J6, 19) 
(fig. S2 and movies S7 to S11). 


Lymphatic capillaries maintain SC quiescence 


To determine whether lymphatic integrity 
functions in HF quiescence, we perturbed 
the lymphatic vascular network. Using mice 
expressing CreER knocked into the Prox-1 
locus (20) and harboring Rosa26-/l-stop-fl-YFP, 
we first activated lineage-tracing in telogen 
skin and confirmed by immunofluorescence 
and flow cytometry that Proxl-YFP* cells were 
exclusively lymphatics (fig. S3, A to D). We 
then intercrossed a Cre-recombinase-inducible 
diphtheria toxin (DT) receptor line (DTR) (27) 
with ProxI-CreER mice and induced iDTR ex- 
pression during the extended second telogen. 

A single DT intradermal injection induced 
lymphatic cell death and disrupted the net- 
work (Fig. 2A and fig. S3, E to H). This per- 
turbation stimulated HFs to proliferate and 
enter anagen, irrespective of targeting lympha- 
tics in first or second telogen or even early 
anagen (Fig. 2, B and C, and fig. S4). Anagen 
entry did not induce Prov! expression in HFSCs, 
blood capillaries remained intact, and the skin 
immune cell milieu resembled normal telogen- 
to-anagen transition (22) (figs. S4 and S5). 

To further assess whether precocious HFSC 
proliferation might arise directly from dis- 
rupting the lymphatic-SC niche network, we 
administered soluble VEGFR3 receptor in- 
tradermally during second telogen. Because 
VEGFR3 signaling is essential for lymphatic 
endothelial cell proliferation and survival, 
its interception causes lymphatic regression 
(23). Notably, precocious HF anagen entry 
was recapitulated with this model (Fig. 2D 
and fig. S6). Given that VEGFR3 (Flt4) was 
expressed by lymphatics and not HFSCs (fig. 
S4D), these data further underscored a role 
for lymphatic capillaries in HF regeneration. 


The lymphatic-SC niche is dynamic during 
physiological regeneration 


Shortly after hair cycle onset (AnalII to AnalII) 
in normal skin, LYVE1*PROX1*VEGFR3* lym- 
phatic capillaries exhibited signs of remodeling 
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Lymphatic capillaries are highly associated 
with HFSCs 
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Fig. 1. Lymphatic capillaries tightly associate with HFSCs. (A) 3D image and 
quantifications demonstrating LYVE1* lymphatic capillaries around telogen HF 
bulges (KRT24*: boxed image enlarged at right) [n = 4 mice; multiple measurements 
per mouse; one-way analysis of variance (ANOVA); Tukey's multiple comparisons 
test]. DAPI, 4',6-diamidino-2-phenylindole. (B) Surface renderings of SOX9* bulges, 


around the SC niche (Fig. 3A and fig. S7A). 
Although capillaries still connected to under- 
lying PROX1*VEGFR3*LYVE1"™ collecting ves- 
sels and maintained cell numbers with little or 
no signs of apoptosis, they were dissociated 
from SC niches and dilated (Fig. 3, B to D; fig. 
S87, B and C; and movie S12). This dissociation 
was transient, and by AnalV, lymphatics re- 
sumed their niche connection. 

Given the well-established role of lymphatic 
vessels in controlling tissue fluid balance and 
macromolecule efflux (18, 24), we also assessed 
their drainage during hair regeneration. After 
intradermal injections, both Evans blue dye 
clearance (25) and OVA-Ax488 drainage into 
brachial lymph nodes were significantly de- 
layed during the narrow hair cycle window 
when lymphatics were dissociated (Fig. 3E). 
Morphologically, the dissociated capillaries dis- 
played signs of reduced permeability (26, 27), 
with no major hair cycle-associated changes 
in blood vessel permeability (fig. $7, D and E). 
When fluid volume was artificially overloaded 
in skin, HFSCs precociously proliferated (fig. 
S7F), which is consistent with a role for tran- 
sient lymphatic dilation in HF regeneration. 
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LYVE1*VEGFR3* capillaries, but not collecting vessels, 
are associated with HFSCs 


p =0.0039 
p< 0.0001 
504 -— 
404 . 
p =0.0055 


Distance of LYVE1* from HF (um) 
Surface rendering 


Although we cannot exclude the possibility 
that mechanical forces imposed by HF regen- 
eration might influence SC-lymphatic dynam- 
ics, HFs were still growing downward after 
lymphatic-SC niche connections were restored. 
However, this timing did coincide with the 
return of bulge SCs to quiescence (4). Based 
on these considerations, lymphatic-SC connec- 
tions seemed to be affecting HFSC behavior, 
but by mechanisms beyond HF downgrowth. 
Although outside the scope of this work, pos- 
sibilities include draining proliferation stimuli 
(growth factors, metabolites, toxins) from the 
SC niche or, alternatively, producing inhib- 
itory factors that keep HFSC self-renewal in 
check. 


A lymphovascular switch at the onset of 
SC activation 


When transplanted in vivo, cultured HFSCs can 
establish cycling HFs (1), suggesting that SCs 
participate in organizing their niche. This led 
us to speculate that HFSCs might be orches- 
trating lymphatic capillary connections. To 
address this possibility, we began by purify- 
ing and transcriptome-profiling HFSCs dur- 
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L-Cap: LYVE1*VEGFR3*PROX1* 
L-Col: LYVE1- VEGFR3*PROX1* 


LYVE* lymphatic capillaries, and Endomucin* (EMUC) blood capillaries (90°-angle 
views of boxed images are enlarged at right). (©) Lymphatic capillaries (L-Cap; 
LYVEI*VEGFR3") but not collecting vessels (L-Col; LYVE1"°®VEGFR3") associate with 
telogen SOX9* bulge SCs. (D) Schematic of SC-lymphatic association at telogen. 
Bu, bulge; HG, hair germ; DP, dermal papilla; SG, sebaceous gland. 


ing (i) telogen, when SCs are quiescent and 
lymphatics are associated; and (ii) AnalII-III, 
when SCs are proliferative and lymphatics are 
dissociated (fig. S8A). 

Established proangiogenic and lymphangio- 
genic factors, such as Vegfa, Vegfb, and Vege, 
showed little or no expression in either quies- 
cent or proliferative bulge SCs and hence 
were unlikely to control bulge-lymphatic dy- 
namics (Fig. 4A). Changes in stromal VEGFC 
expression and/or processing were also not 
detected during this time (fig. S8, B and C). 
Moreover, although a VEGFC gradient is known 
to elicit robust lymphatic VEGFR3-mediated 
sprouting, overt signs of enhanced sprouting 
were absent (fig. S7). Thus, SC-lymphatic dy- 
namics appeared to be controlled by other 
factors. 

A number of putative vascular regulators dis- 
played expression patterns paralleling these 
dynamics. Most notably, Angptl7 was expressed 
in telogen bulge SCs, whereas Angptl4 and 
netrin-4: (Nin4) were induced in AnallI-III bulge 
SCs concomitant with Angptl7 down-regulation 
(Fig. 4A). These factors appeared to be bulge- 
specific (Fig. 4B). 
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Fig. 2. Disrupting lymphatic capillaries triggers hair regeneration. 

(A) Timeline of experimental model and diphtheria toxin (DT)-induced 
depletion of lymphatic vessels during the long quiescence of second telogen. 
Quantifications: lymphatic intensity (n = 3); volume (n = 5 and 4 for Ctrl 
and Prox1-depleted, respectively; two-tailed unpaired t test). ID, intradermal; 
TAM, tamoxifen; P, postnatal day; Ctrl, control; D, day; a.u., arbitrary units. 
(B) Precocious anagen induction after lymphatic depletion, as demonstrated 


Focusing first on Angptl7, we find that prior 
RNA sequencing (RNA-seq) data (28) showed 
that Angptl7 was not even expressed in the 
primed HG cells of telogen or early anagen 
HFs (Fig. 4C and fig. S8D). To delineate the 
detailed temporal changes of Angptl7 within 
bulge SCs, we performed stage-specific single- 
cell RNA-seq. Three distinct temporal patterns 
emerged from t-distributed stochastic neigh- 
bor embedding (t-SNE) and unsupervised hier- 
archical clustering (Fig. 4D and fig. S8E). Using 
machine learning-based cell-cycle allocation 
analysis (29), it was concluded that prolifer- 
ative cells resided in AnalI SCs, in agreement 
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with our 5-ethynyl-2’-deoxyuridine (EdU) label- 
ing studies. Additionally, in contrast to SC 
marker Sox9, which was maintained in bulge 
SCs at all stages, Angptl7 transcription in bulge 
SCs diminished shortly after anagen onset, 
even sooner than that of established quiescence 
regulator NfatcI (28). Moreover, the Angptl7 
expression dip was transient, occurring only 
between AnallI and AnallIl (Fig. 4E). 

Angptl7 dynamics were recapitulated at the 
chromatin level. As judged by chromatin immu- 
noprecipitation sequencing (ChIP-seq) analyses 
of fluorescence-activated cell sorting (FACS)- 
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by HF growth and association with LYVE1* capillaries (n = 5, two-way ANOVA 
with Sidak's multiple comparisons test). P-CAD, P-cadherin. (C) Flow cytometry 
of HFSC cell cycle after lymphatic depletion (n = 3, two-way ANOVA with Sidak’s 


(D) Experimental strategy using decoy VEGF3-Fc to 
in dermal lymphatic vessels. EdU incorporation reveals 


anagen entry after treatment (n = 4, multiple EdU measurements, two-tailed 


noglobulin G. 


tin state was active in telogen (H3K27ac’), 
poised in AnallI (H3K27ac"**H3K4mel’*), 
and silent in AnaVI differentiated cells 
(H3K27ac"H3K4mel") (fig. S9A). More- 
over, when either of the two Angptl7 locus- 
accessible chromatin elements (30) were used 
as enhancers to drive enhanced green fluores- 
cent protein (eGFP) expression in vivo, report- 
ers faithfully recapitulated Angpil7’s temporal 
dynamics in bulge expression during the hair 
cycle (Fig. 4F and fig. S9B). These results 
intimated that changes in SC-derived Angptl7 
transcription are involved in reshaping the 


purified HF cells (30), the Angptl7 chroma- 
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Fig. 3. HFSC-lymphatic associations are dynamic. (A) 3D imaging and 
surface rendering of cleared skin tissue, demonstrating LYVE1* lymphatic 
capillary dissociation from KRT24* bulge SCs during Anall-lll of the hair 
cycle. P-CAD"2" cells are HFSC progeny. (B) Despite dissociating (empty 
arrow for dissociation versus white arrow for association) from the SC niche, 
lymphatic capillaries remain connected to their underlying collecting vessels 
(LYVE1"°8VEGFR3") during Anall-lll. Quantifications of temporal changes 

in SC-capillary associations and lymphatic width (n = 5, 6 and n = 5, 
one-way ANOVA; Tukey's multiple comparisons test). TAC, transient 
amplifying cells. (€) Capillary dissociation correlates with bulge SC self- 
renewal (Ki67"). (D) PROX1* lymphatics dissociate from the bulge during 
indicates Proxl*capillaries, 2 indicates 
Proxl*collecting; n = 3; two-tailed unpaired t test). (E) Reduced lymphatic 
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drainage capacity in Anall-lll, as measured by intradermal injections of Evans Blue (EB; n = 3, one-way ANOVA; Tukey’s multiple comparisons test) and OVA-Ax488 
efflux to brachial lymph nodes (LN; n = 3 and 6 for Tel-Anal and Anall-lll, respectively; two-tailed unpaired t test). OD, optical density. 


A SC-driven secretome switch is required for 
lymphatic remodeling 

Angiopoietin-like (ANGPTL) proteins do not 
bind to classical angiopoietin receptors, and 
knowledge of these orphan ligands is still 
scant (31, 32). To address whether Angptl7 
down-regulation functions in HFSC activa- 
tion, we engineered mice to harbor an Angpitl7 
transgene that is selectively doxycycline- 
inducible in skin progenitors (33). We then 


Gur-Cohen et al., Science 366, 1218-1225 (2019) 


induced at telogen and examined the con- 
sequences of maintaining ANGPTL7 through 
early stages of the newly entered hair cycle (fig. 
S10, A to E). 

In contrast to the lymphatic-SC niche re- 
modeling of normal HFs, lymphatic capillaries 
remained tightly associated and the bulge re- 
mained quiescent when Angptl7 was sustained 
(Fig. 5A). Consistent with a nonautonomous 
role for ANGPTL7 in controlling stemness ac- 
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tivity, recombinant ANGPTL7 did not appre- 
ciably alter colony formation of HFSCs in vitro. 
Rather, concomitant with sustained lym- 
phatic efflux and drainage capacity, entry 
into the hair cycle was markedly delayed (Fig. 
5B and fig. S10, C to E). Because a role for 
ANGPTL7 in angiogenesis had been suggested, 
we looked for, but did not find, perturbations 
in blood vessel density and coverage in our 
Angptl7-induced skin (fig. SIOE). ANGPTL7 
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Fig. 4. HFSCs promote a lymphovascular switch at hair regeneration onset. 
(A) Heatmaps of FACS-purified bulge SCs from telogen, Anall, and Analll HFs. 
Boxed transcripts are markedly down (blue) or up (red) upon HFSC activation. 
(B) Transcripts per million (TPM) heatmap showing paucity of Angptl7, Angptl4, 
and Ntn4 in SCAl*epidermal SCs (EpiSCs) or HFSC progeny (MSK2*Krt83* TACs; 
IGBP4* KRT"? HGs). (C and D) Single-cell transcriptome clustering of (C) telogen 
bulge SCs, telogen HG cells, and Anal HG cells (28); and (D) telogen, Anal, and Anall 
bulge SCs. Each cell is represented as a dot. (E) Quantitative polymerase chain 
reaction (qPCR) validation of temporal Angpt!7 expression in bulge SCs (n = 3, 


overexpression also did not affect levels of 
CCBE1, a protein required for VEGFC-mediated 
lymphangiogenesis (fig. SIOF). 

Because the hair cycle was delayed upon 
sustaining Angptl7, we wondered whether 
ANGPTL7 dynamics might be important for 
other regenerative responses. We focused on 
hair plucking (waxing), as it mechanically per- 
turbs the SC niche, generating a wound-like 
response (3, 34). Plucking not only activated 
hair regeneration, as expected, it also restricted 
lymphatic drainage and disrupted lymphatic- 
SC associations (fig. S11, A and B). More- 
over, when Angptl7 was sustained, wound- 
induced hair regeneration was abrogated; 
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green fluorescent protein. 


conversely, after skin injury in a normal set- 
ting, Angptl7 gene expression plummeted (fig. 
S11, C and D). 

Turning to the flip side of the secretome 
switch, we engineered doxycycline-inducible 
versions of Angptl4. When induced in telogen, 
ANGPTI4 precociously disrupted lymphatic 
capillaries surrounding the bulge, reducing 
lymphatic drainage and activating HFSCs (Fig. 
5, C and D, and fig. $12). Despite a purported 
role for ANGPTL4 in blood vasculature (35), 
endothelial vessel density was largely un- 
changed, both in AnalI-III of the normal hair 
cycle and in telogen of the Angptl4-induced 
hair cycle. Similar results were obtained with 
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p<0.0001 p<0.0001 
30 


one-way ANOVA; Tukey's multiple comparisons test). (F) Accessible Angptl7 locus 
telogen bulge SC chromatin peaks (left) were used to drive eGFP in mice. 

Peak B eGFP dynamics (right) mirror temporal Angpti7 transcriptome changes 

(n = 5, 5, and 3 mice analyzed for Telogen, Anall-lll, and AnalV, respectively; 
one-way ANOVA; Tukey's multiple comparisons test). ATAC seq, assay for 
transposase-accessible chromatin using sequencing; LTR, long terminal repeats; 
Pgk, phosphoglycerate kinase promoter; H2BRFP, histone H2B red fluorescent 
protein; SV40, minimal simian virus 40 promoter; Rep-eGFP, reporter-enhanced 


NTN4, previously implicated in endothelial 
cell biology (36-38) (fig. S12). 

Our data suggested that the HFSC-derived 
secretome can influence lymphatic dynamics 
directly, which we tested by evaluating lymphat- 
ic tube formation in a 3D-Matrigel system. 
Formation of tubelike structures was enhanced 
with ANGPTL7 and impaired with ANGPTLA4, 
supporting this hypothesis. Consistent with a 
nonautonomous role, SC-driven factors in vitro 
neither affected HFSC growth nor stimulated 
immune cell migration (fig. S13). 

Although ANGPTL and NTN receptors are 
poorly studied, transcriptional landscaping 
of freshly isolated endothelial cells from skin 
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Cc Disrupted lymphatic capillaries upon Angpt/4 induction 


Ctrl Induced-Angptl4 (P19) 


LYVE1 (Surface) Cherry 


Fig. 5. SC secretome switch promotes lymphatic remodeling. (A) (Left) 
Lymphatic-bulge SC connections and quantifications (n = 7 rtTA"® control; n = 4 
rtTA* sustained-Angptl7). (Right) Capillary volumes (n = 4 per condition per 
genotype; two-way ANOVA; Tukey's multiple comparisons test). ns, not significant. 
(B) Doxycycline-induced Angptl7 delays anagen onset and bulge-SC proliferation 


revealed preferential expression of their puta- 
tive receptors by the lymphatic vessels (fig. 
S14A). Telogen-associated lymphatic capilla- 
ries also preferentially expressed WNT inhib- 
itors. AS WNT signaling is critical for HFSC 
activation and hair cycling (30, 39), these cor- 
relations are suggestive of an additional layer 
of regulation by which lymphatic capillaries 
might coordinate SC regeneration. 

Single-cell analyses of lymphatic capillary 
cells isolated and characterized from telo- 
gen and from anagen skins revealed similar 
transcriptomic patterns, with only 4 to 5% of 
mRNAs changed temporally by >2~ (fig. S14B). 
Of these genes, the most notable changes ap- 
peared to be in lymphatic tube formation and 
fluid dynamics. Thus, if capillary growth fac- 
tors participate in maintaining HFSC quie- 
scence, their significance likely resides in the 
dynamic regulation of lymphatic-SC connec- 
tions rather than their differential transcrip- 
tion during the hair cycle. 


A role for the lymphatic network in integrating 
SC-niche behavior across a tissue 


Turning to the physiological relevance of the 
SC-lymphatic connection, we used our power- 
ful in utero lentiviral delivery method to se- 
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lectively and efficiently knock down Angptl7 
in skin progenitors with one of two different 
short hairpin RNAs (shRNAs). When Scramble 
controls were in telogen, shAngptl7 HFs had 
already entered anagen. Full anagen follicles 
were interspersed with telogen ones, indicating 
hair cycle asynchrony (Fig. 6A and fig. S15A). 

The failure of HFSCs to generate ANGPTL7 
profoundly affected lymphatic biology. Lym- 
phatics were discontinuous and abnormally 
dilated, and they displayed impaired drain- 
age, as judged both functionally and morpho- 
logically (Fig. 6B and fig. S15B). This chronic 
lymphatic dysfunction was associated with HF 
hyperplasia and reduced bone morphogenetic 
protein (BMP)/pSMAD1/5/9 signaling, which 
are essential for maintaining SC quiescence (3) 
(Fig. 6, B and C; fig. SI5C; and movie S13). 
Hyperplastic HFs were associated with the 
most highly dilated lymphatic capillaries, 
which maintained their identity but displayed 
reduced drainage (Fig. 6, B and D; fig. S15D; 
and movie S14). Blood vessel density was also 
increased at hyperplastic HFs (fig. SI5E and 
movie S15), although this was unlikely to have 
driven lymphatic remodeling, given that SCs 
associated primarily with lymphatic capillaries 
in normal homeostasis. 
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(n = 4 per condition per genotype; two-way ANOVA; Tukey's multiple comparisons 
test). E, embryonic day. (© and D) Induced Angptl4 in telogen causes reduced 
lymphatic capillary density (n = 5 per condition per genotype, two-tailed 
unpaired t test) and precocious anagen entry (n = 3 per condition per genotype, 
two-way ANOVA with Sidak's multiple comparisons test). 


The asynchrony across the hair coat did not 
appear to stem from variations in transgene 
integration, as this would have generated clo- 
nal patches of HFs at specific cycle stages, 
which we did not see. However, to unequiv- 
ocally demonstrate that HF asynchrony arose 
from perturbations in the SC-lymphatic cross- 
talk, and not our lentiviral delivery method, 
we used Flta@Y mice, which harbor a mutant 
Vegfr3 allele, creating VEGFR3 dimers with 
dysfunctional tyrosine kinase activity and dys- 
functional lymphatics (40). Fira mice reca- 
pitulated the asynchrony of bulge-SC niches, 
accompanied with dysfunctional lymphatic 
vessels (Fig. 6E and fig. S15, F and G). Taken 
together, these data underscore the importance 
of lymphatic capillary dynamics, driven by SCs, 
in integrating SC-niche behavior across a tissue. 


Lymphatic capillaries as a dynamic SC-niche 
newcomer that coordinates SC behavior 


The niche microenvironments of quiescent 
SCs, such as those of bone marrow, muscle, 
and HFs, provide the input signals that keep 
these SCs in an undifferentiated, inactive state 
(41). Niche-SC interactions must be dynamic 
in order to mobilize SCs to regenerate tissues. 
Additionally, SCs have an intrinsic ability to 


6 of 8 


6L0z ‘Z| 4equieceq uo /fio Beweousloseous!0s//:diy Wo pepeojuMOGg 


RESEARCH | RESEARCH ARTICLE 


A Hair asynchrony under shAngpt!7 
P-CAD SOX9 DAPI 


p =0.0006 
= p=0.0118 
6) = 6007-4, I 
5 € 
ip) = 
= 400 
[o>) 
= 
ao) 
2 
2 
re) 
ic 


ay 
S 
Q 
= 
<= 
n 


50°um 


i~] 


LYVE1 P-CAD H2BRFP DAPI 
Ser Ctrl shAngptl7-1 


Fig. 6. Secretome switch integrates lymphatic-SC 


tissue. (A) shAngptl7 knockdown results in HF asynchrony by P19 (n = 4 per 
condition per shRNA, one-way ANOVA with Dunnett's multiple comparisons test). 


(B) shAngptl7 in HFSCs causes lymphatic capillary dil 
two-tailed unpaired t test). Quantifications of lymphat 


shown at right, as measured by Evans blue efflux (n = 4 per shRNA per 


communicate with their neighbors and reshape 
their niche (34). 

Our study identifies lymphatic capillaries as 
dynamic SC-niche elements that integrate SC 
niches and synchronize SC behavior across the 
hair coat. We have learned that, to mobilize 
HFSCs for either normal regenerative demands 
or those induced by injury, these SCs un- 
dergo a secretome switch that triggers tran- 
sient dissociation of lymphatics from the niche 
(Fig. 6F). 

Although the possible ways by which lym- 
phatics control HFSCs are numerous, and the 
communication circuits are likely complex, our 
genetic manipulations of the lymphatic-SC 
niche connection underscore its functional im- 
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quiescence. Indeed, as soon as bulge SCs launch 
production of their committed proliferative 
progeny and self-renew, the lymphatic capil- 
laries resume connections with their SC neigh- 
bors, and niche quiescence is restored. The 
process is a two-way street, because the dy- 
namic remodeling of lymphatic capillaries is 
orchestrated by bulge SCs, whereas the lym- 
phatics govern SC behavior. 

Drainage of tissue interstitial fluids and 
macromolecules has been a subject of interest 
for decades. We have unearthed a need to bal- 
ance cutaneous influx of fluids and macro- 
molecules in controlling SC behavior. Future 
studies will be needed to dissect the impact 
of interstitial fluid composition, extracellular 


portance in balancing SC self-renewal and 
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macromolecule dynamics, and immune cell 
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measurement, two-tailed unpaired t test). (©) HF hyperplasia after Angptl7 
knockdown and (D) hyperplastic HF association with the most highly dilated 
lymphatic capillaries. (E) Expressing a dominant-negative VEGFR3, Fit4°"”/Fit4* 
mice exhibit hair-cycling asynchrony and increased proliferation at P65, 

when control HFs are in second telogen (n = 3, two-tailed unpaired t test). 
(F) Model of the HFSC secretome switch. 


efflux on stem cell biology. Additionally, short 
remodeling duration suggests that lymphatic 
dissociation from the SC niche may be del- 
eterious, perhaps rendering SCs transiently 
vulnerable to toxins or increased fluid pressure. 

Our discovery that lymphatics localize to 
both mouse and human HFSC niches suggests 
that the need to establish such connections 
is not only physiologically important but also 
evolutionarily conserved, raising the possibil- 
ity that lymphatic capillaries may participate 
in other SC niches to meet their specialized 
regenerative demands. With our newfound 
understanding of skin SC-lymphatic inter- 
actions, it now merits addressing whether the 
stem cell exhaustion that accompanies wound- 
healing defects and hair loss in aging and in 
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patients with lymphedema (24, 42) might be 
rooted in decline of lymphatics and intersti- 
tial fluid draining. If such links exist, target- 
ing lymphatic function could prove to be a 
promising preventative therapeutic target for 
hair loss and wound repair. 
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Electrical and optical control of single spins 
integrated in scalable semiconductor devices 


Christopher P. Anderson’*, Alexandre Bourassa’, Kevin C. Miao’, Gary Wolfowicz’, 
Peter J. Mintun’, Alexander L. Crook’, Hiroshi Abe®, Jawad UI Hassan‘, Nguyen T. Son’, 


Takeshi Ohshima’, David D. Awschalom?2>+ 


Spin defects in silicon carbide have the advantage of exceptional electron spin coherence combined 
with a near-infrared spin-photon interface, all in a material amenable to modern semiconductor 
fabrication. Leveraging these advantages, we integrated highly coherent single neutral divacancy spins 
in commercially available p-i-n structures and fabricated diodes to modulate the local electrical 
environment of the defects. These devices enable deterministic charge-state control and broad 

Stark-shift tuning exceeding 850 gigahertz. We show that charge depletion results in a narrowing 

of the optical linewidths by more than 50-fold, approaching the lifetime limit. These results demonstrate 
a method for mitigating the ubiquitous problem of spectral diffusion in solid-state emitters by 
engineering the electrical environment while using classical semiconductor devices to control 


scalable, spin-based quantum systems. 


olid-state defects have enabled many 

proof-of-principle quantum technologies 

in quantum sensing (J), computation (2), 

and communications (3). These defects 

exhibit atom-like transitions that have 
been used to generate spin-photon entangle- 
ment and high-fidelity single-shot readout 
(4), enabling demonstrations of long-distance 
quantum teleportation, entanglement distilla- 
tion, and loophole-free tests of Bell’s inequal- 
ities (3). However, fluctuating electric fields 
and uncontrolled charge dynamics have lim- 
ited many of these technologies (7, 4-7). For 
example, lack of charge stability and of photon 
indistinguishability are major problems that 
reduce entanglement rates and fidelities in 
quantum communication experiments (4-6). 
In particular, indistinguishable and spectrally 
narrow photon emission is required to achieve 
high-contrast Hong-Ou-Mandel interference 
(8). This indistinguishability has been achieved 
with some quantum emitters through dc Stark 
tuning the optical lines into mutual resonance 
(9, 10). A variety of strategies (/, 6, 11-13) have 
also been proposed to reduce spectral diffu- 
sion (J/4) and blinking (15), but consistently 
achieving narrow and photostable spectral 
lines remains an outstanding challenge (J6). 
In addition, studies of charge dynamics (/7, 18) 
have enabled quantum-sensing improvements 
(, 7) and spin-to-charge conversion (19), allow- 
ing electrical readout of single-spin defects 
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(20). However, these experiments have largely 
been realized in materials such as diamond, in 
which scalable nanofabrication and doping 
techniques are difficult to achieve. 

By contrast, the neutral divacancy (VV°) 
defect in silicon carbide (SiC) presents itself 
as a candidate spin qubit in a technologically 
mature host, allowing for flexible fabrication, 
doping control, and availability on the wafer 
scale. These defects display many attractive 
properties, including all-optical spin initializa- 
tion and readout (27), long coherence times 
(22), nuclear spin control (23), as well as a near- 
infrared high-fidelity spin-photon interface 
(24). However, VV° has displayed relatively 
broad optical lines (24), charge instability 
(18), and relatively small Stark shifts (0). Fur- 
thermore, the promise of integration into clas- 
sical semiconducting devices remains largely 
unexplored. 

Here, we use the mature semiconductor 
technology that SiC provides to create a p-i-n 
structure that allows tuning of the electric 
field and charge environment of the defect. 
First, we isolate and perform high-fidelity con- 
trol on highly coherent single spins in the 
device. We then show that these devices en- 
able wide dc Stark tuning while maintaining 
defect symmetry. We also demonstrate that 
charge depletion in the device mitigates spec- 
tral diffusion, thus greatly narrowing the line- 
widths in the optical fine structure. Finally, 
we use this device as a testbed to study the 
photoionization dynamics of single VV°, result- 
ing in a method for deterministic optical con- 
trol of the defect charge state. 

The effects presented here suggest that doped 
SiC structures are flexible and scalable quan- 
tum platforms hosting long-lived, single-spin 
qubits with an electrically tunable, high-quality 
optical interface. The demonstrated reduction 
in electric field noise can lead to increased spin 
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coherence (25) and electrical tuning of “dark” 
spins in quantum sensing (26), whereas charge 
control could extend the memory time of nu- 
clear spins (27). Additionally, this platform opens 
new avenues for spin-to-charge conversion, 
electrically driven single-photon emission (28), 
electrical control (29), and readout (20, 30, 31) 
of single spins in SiC CMOS (complementary 
metal oxide semiconductor)-compatible and 
optoelectronic semiconductor devices. 


Isolated single defects in a 
semiconductor device 


We first isolated and controlled single VV° in 
a 4H-SiC p-i-n diode created through com- 
mercial growth of doped SiC epilayers. After 
growth, we electron irradiated and annealed 
our samples to create single, isolated VV° de- 
fects. We fabricated microwave striplines and 
ohmic contact pads, allowing for spin manip- 
ulation and electrical gating (Fig. 1A) (32). In 
contrast to other defects in SiC, such as the 
isolated silicon vacancy (33), the divacancy is 
stable above 1600°C (34), making it compati- 
ble with device processing and high-temperature 
annealing to form ohmic contacts. 

Spatial photoluminescence (PL) scans of the 
device showed isolated emitters correspond- 
ing to single VV° (Fig. 1B), as confirmed by 
second-order correlation (g) measurements 
(Fig. 1B, inset) (32). The location in depth of the 
observed defects is consistent with isolation to 
the i-type layer. This is to be expected because 
formation energy calculations (35) indicate that 
the neutral charge state is energetically favor- 
able when the Fermi level is between ~1.1 and 
2 eV, and this condition must be satisfied some- 
where in the i-type layer (32, 36). This depth 
localization provides an alternative to delta 
doping (37), which is not possible with intrin- 
sic defects, facilitating positioning and con- 
trol in fabricated devices (fig. S1). Additionally, 
owing to the diode’s highly rectifying behav- 
ior at low temperature, large reverse biases are 
possible with low current (Fig. 1C) (32). 

Sweeping the frequency of a narrow-line 
laser, we obtained photoluminescence excita- 
tion (PLE) spectra of the optical fine structure 
of these single defects (Fig. 1D). Using the 
observed transitions for resonant readout and 
preparation, we performed high-contrast Rabi 
oscillations of isolated VV° in the p-i-n struc- 
ture (Fig. IE) (32). The contrast exceeded 98%, 
improving on previous demonstrations through 
the use of resonant spin polarization (24). 
Additionally, a single-spin Hahn-echo decay 
time of 1.0 + 0.1 ms was measured for spins 
in the device (Fig. 1F), consistent with pre- 
vious ensemble measurements (22). The long 
Hahn-echo times and high-fidelity control 
demonstrate that integration into the semi- 
conductor structures does not degrade the 
spin properties of VV°. This isolation and con- 
trol of highly coherent spin qubits achieved 
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in these functioning semiconductor devices 
unlocks the potential for integration with a 
wide range of classical electronic technologies. 


Large Stark shifts in a p-i-n diode 


Because the (AA) and (kk) divacancies (32) in 
SiC are nominally symmetric along the c-axis 
(growth axis), the geometry of the diode allows 
for large electric fields that mostly conserve 
the symmetry of the defect. Therefore, wide 
tuning of the VV° optical structure is possible 
while reducing unwanted mixing from trans- 
verse or symmetry-breaking components of 
the excited-state Hamiltonian (9, 24, 38). Be- 
cause the i-type region can be relatively thin 
(10 um here), the applied voltage is dropped 
over a much smaller region than if a bulk 
sample were used (0), leading to significantly 
larger Stark shifts for a given applied voltage. 
In principle, this region can be reduced to a 
thickness that exceeds limitations from optical 
access with metal planar gates (limited by the 
optical spot size of ~1 um). Furthermore, it is 
possible to use doped layers as in situ transpa- 
rent native contacts to Stark tune and control 
localized defects in suspended photonic or 
phononic structures (39), enabling complex hy- 
brid electrical, photonic, and phononic devices. 

In our p-i-n junction device, we applied up 
to 420 V in reverse bias. Our results show 
Stark tuning of several hundreds of gigahertz 
on different defects of the same type and on 
inequivalent lattice sites, where the Stark shift 
was between 0.4 and 3.5 GHz/V after a thresh- 
old was passed (Fig. 2A). For example, we 
observed a (2h) divacancy shifted by >850 GHz 
(2.5 meV) at a reverse bias of 420 V and a (Kh) 
divacancy shifted by >760 GHz at a reverse 
bias of 210 V (Fig. 2B). These shifts are among 
the largest reported for any single-spin defect 
to date and were only limited by the voltage 
output of our source. We expect that, owing 
to the high dielectric breakdown field of SiC, 
even higher shifts of a few terahertz are pos- 
sible (32). The high-field limit of these shifts 
corresponds to estimated dipole moments 
(d,|) of 11 GHz m/MV and 4.5 GHz m/MV for 
(hh) and (kk) divacancies, respectively, consist- 
ent with previous reports (10, 40). For the (Kh) 
basal divacancy observed, the estimated trans- 
verse dipole moment is di ~ 35 GHz m/MV. 
Furthermore, because the Stark shift repre- 
sents a measure of the local electric field, we 
conclude that negligible field is applied to the 
VV° before a certain threshold voltage where 
the depletion region reaches the defect (41). 
This results from nonuniform electric fields in 
the diode caused by residual n-type dopants in 
the intrinsic region [Fig. 2C (32)]. 

Overall, our system could be used as a wide- 
ly frequency-tunable, spectrally narrow source 
of single photons. In particular, our system 
enables one of the highest Stark shift-to- 
linewidth ratios (>40,000) obtained in any 
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solid-state single-photon source (table S1). 
These characteristics make this system ideally 
suited for tuning remote defects into mutual 
resonance and for frequency multiplexing of 
entanglement channels (42). The tunability 
range is so wide that it could even enable the 
tuning of a (Ah) divacancy into resonance with 
a (kk) divacancy, allowing for interference and 
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entanglement between different species of de- 
fects. This wide tunability stems from the 
rectification behavior of the diode, which 
allows large electric fields without driving 
appreciable currents that can degrade spin 
and optical properties. Furthermore, the ob- 
served sensitivity of the optical structure of 
single VV° defects could serve as a nanoscale 


—200 0 


At (ns) 


200 


PL (Cts/s) 
Bb 
fo} 
Oo 
oO 


500 


7 


Coherence (APL/PL) 


0.0 0.5 1.0 15 2.0 


Fig. 1. Isolation of single VV° in a commercially grown semiconductor device. (A) Schematic of the 
device geometry. (B) Spatial PL scan of an example device showing isolated emitters (example circled 
in red) confirmed by autocorrelation (inset) showing g) (0) < 0.5 (red line). Extracted emitter lifetime 
is 14.7 + 0.4 ns (green arrows). Gate and microwave stripline features are drawn and color coded 


as in (A). Cts, counts. (C) Top: Current-voltage (/- 


V) curves of the device at various temperatures; 


bottom: low-temperature reverse bias behavior. C, contrast. (D) PLE spectrum of a single (kk) divacancy 
at 270 V of reverse bias. (E) Optically detected Rabi oscillations of a single (kk) VV° with >98% 
contrast (fit in blue) using resonant initialization and readout. a.u., arbitrary units. (F) Hahn-echo 
decay of a single (kk) VV° in the diode. Rabi, Hahn, and g data are taken at 270 V of reverse bias 


and at ~240 Gauss at T = 5 K. 
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electric field sensor, enabling field mapping 
in these working devices with sensitivities of 
~100 (V /m) /\/Hz or better, which is compet- 
itive with state-of-the-art spin- and charge- 
based electrometry techniques (32, 43-46). 
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Fig. 2. Stark shifts in p-i-n diode. (A) Low-field Stark tuning of a single (kk) 
defect showing a turn-on behavior for the Stark shifts and a narrowing with 
voltage. This threshold is the same as that in Fig. 4A. These scans contain the 
lower branch (E, E2, and Ey) where the linewidth of Ey is ~1 GHz and £; and E> are 
unresolved. The PLE lines show no shifting down to zero bias. (B) High-field 
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Fig. 3. Optical linewidth narrowing by tuning the electrical environment of a 
solid-state emitter. (A) Multiple PLE sweeps taken over 3.5 hours of the £, line 
showing small residual spectral diffusion (fitted inhomogeneous linewidth of 31 + 
0.4 MHz). The red arrow corresponds to the single scan shown with a fitted linewidth 
of ~20 MHz. (B) Comparison of the average linewidth of all orbitals (blue) and 
defect transverse asymmetry (red) with respect to applied reverse bias. The yellow 
line is the lifetime limit. (©) Temperature dependence of the linewidth. A free power 
law fit gives an exponent of 3.2 + 0.3. Constraining the fit to a T° relation, we extract a 
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Reducing spectral diffusion using 


Uncontrolled fluctuating electrical environments 
are a common problem in spin systems, where 
they can cause dephasing (25), as well as in 
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Spectral diffusion from 
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quantum emitters, where they result in spec- 
tral diffusion of the optical structure and lead 
to large, inhomogeneous broadening. For ex- 
ample, adding and removing just a single 
electron charge 100 nm away causes shifts of 
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Stark shifts of multiple example defects (located at various depths and positions in 
the junction) showing >100 GHz shifts. (©) Schematic electric field distribution 

and depletion region width (W,) in the diode for increasing reverse bias. Location 
in the junction can determine the local field experienced by the defects in (B). The 
error bars in (B) are smaller than the point size. All data were obtained at T = 5 K. 
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zero temperature linewidth of 11 + 5 MHz (yellow line). Errors on the plot represent a 
95% confidence interval. (D) Model for the effect of charge depletion on spectral 
diffusion in the illuminated volume (yellow). To the left of each diagram is a schematic 
band diagram with the relevant transitions. CB, conduction band; VB, valence 

band; GS, ground state; ES, excited state. Errors for the fits values in (A) and (C) 
represent 1 SD. All data are from a single (kk) VV°. In (B), the laser power is slightly 
higher than in (A), causing some broadening. For (A) and (C), the E, line is shown 
at 270 V of reverse bias. Data in (A) and (B) were obtained at T = 5 K. 
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~100 MHz for the optical fine structure of VV° 
(fig. S2). Previous work (24) has shown that by 
doing an exhaustive search through many de- 
fects in a specially grown material, one can 
find defects with lines as narrow as 80 MHz 
(typically 100 to 200 MHz or larger); how- 
ever, this is still much larger than the Fourier 
lifetime limit of ~11 MHz (24). In bulk intrinsic 
commercial material, the narrowest linewidths 
are significantly broadened to 130 to 200 MHz 
or greater (24) (fig. S3). Overall, spectral diffu- 
sion has been a notoriously difficult outstand- 
ing challenge for nearly all quantum emitters 
in the solid state. 

Here, we introduce a technique for miti- 
gating spectral diffusion. We demonstrate that 
by applying electric fields in our device, we 
deplete the charge environment of our defect 
and obtain single-scan linewidths of 20 + 
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1 MHz (Fig. 3A) without the need for an ex- 
haustive search. This reduction in PLE line- 
width has a different voltage dependence than 
the transverse asymmetry in the defect, thus 
eliminating reduced mixing as a possible mech- 
anism for narrowing (Fig. 3B). The temperature 
dependence of the linewidth is roughly con- 
sistent with a T° scaling at these low temper- 
atures (47) [fitted exponent 3.2 + 0.3 anda 
zero-temperature linewidth of 11 + 5 MHz 
(32)]. Although the dominant temperature 
scaling may change at lower temperature, this 
trend hints at a possible explanation for the 
remaining broadening and is consistent with a 
temperature-limited linewidth. Furthermore, 
the observed line is extremely stable, with a 
fitted inhomogeneous broadening of 31 + 
0.4 MHz averaged for >3 hours (Fig. 3A). This 
stability over time, narrowness, tunability, 
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Fig. 4. Electrical and optical charge control of a single VV°. (A) Voltage and power dependence of 
the photoluminescence of a single (kk) VV° with 975 nm excitation (top) and with additional 188 yW of 
675 nm illumination (bottom), showing a sharp threshold under reverse bias. With high 975-nm power, 
the two-photon ionization process dominates and the PL signal is low. (B) By controlling the voltage in 
time (blue), the emission from the single (kk) defect is switched on and off (red). (©) Top: Model of 
rapid ionization and recapture at zero electric field (top). Middle: Two-photon ionization and formation 

of a depletion region under reverse bias. Bottom: Charge reset under applied electric field using red light 
(bottom). All data were obtained at T = 5 K. kcts, kilocounts. 
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and photostability demonstrates the effec- 
tiveness of engineering the charge environ- 
ment with doped semiconductor structures 
for creating ideal and indistinguishable quan- 
tum emitters. 

At zero bias, the linewidth in our samples is 
much higher than in bulk material (~1 GHz; 
Fig. 2A). We attribute this to a greater pres- 
ence of traps and free carriers (under illumi- 
nation). Thus, in these samples, the observed 
narrowing corresponds to an improvement in 
the linewidth by a factor of >50. We speculate 
that a combination of this charge-depletion 
technique with lower sample temperatures, a 
lower-impurity material, and further anneal- 
ing could enable measurement of consistent 
transform-limited linewidths (13, 48). This use 
of charge depletion for creating spectrally nar- 
row optical interfaces (Fig. 3D) could be wide- 
ly applicable to other experiments in SiC or to 
other solid-state emitters such as quantum 
dots (49, 50). Indeed, by applying the same 
techniques developed here to intrinsic SiC 
materials, lines as narrow as ~21 MHz have 
been observed (40). Crucially, these results 
demonstrate that depleting local charge envi- 
ronments can transform a very noisy electric 
environment into a clean one, turning mate- 
rials containing unwanted impurities into ideal 
hosts for quantum emitters. 


Charge gating and photodynamics of 
single defects 


Our observation of large Stark shifts and line- 
width narrowing relies on understanding and 
controlling charge dynamics under electric 
fields. To achieve this, we studied the stability 
of the observed single defects under electrical 
bias. This allowed a careful investigation of the 
charge dynamics of single VV° under illumi- 
nation, from which we developed an efficient 
charge-reset protocol. In our experiments, we 
observed that with 975 nm off-resonant light, 
the PL drops substantially once the reverse 
bias is increased past a threshold voltage 
(Fig. 4A). This threshold varies between de- 
fects, which is expected given differences in 
the local electric field stemming from var- 
iations in position, depth, and local charge- 
trap density. We attribute the PL reduction to 
photoionization to an optically “dark” charge 
state (18). We used this effect to create an 
electrically gated single-photon source (51-53) 
in which emission is modulated in time with 
a gate voltage (Fig. 4B) (70). The threshold 
voltage has a slight hysteresis (fig. S4) and 
laser power dependence (Fig. 4A), suggest- 
ing that trapped charges may play a role 
(9, 54). The electric field dependence of the 
photoionization could also be used to extend 
sensitive electrometry techniques (46) to the 
single-defect regime, and controlled ioniza- 
tion of the spin can extend the coherence of 
nuclear registers (27). The threshold for Stark 
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shifts (Fig. 2A) corresponds approximately 
to the same voltage where significant photo- 
bleaching occurs when using off-resonant 
excitation. This links the sharp photoioniza- 
tion threshold in Fig. 4A to the presence of 
moderate electric fields and the onset of car- 
rier depletion. 

A possible explanation for this voltage- 
dependent PL is that at zero electric field, il- 
lumination constantly photoionizes the VV° 
and other nearby traps. However, the divacan- 
cy rapidly captures available free carriers, re- 
turning it to the neutral charge state. Under 
applied field, carrier drift depletes the illumi- 
nated region of charges. Thus, when a VV° 
photoionization event occurs in this depleted 
environment, no charges are available for fast 
recapture, resulting in a long-lived dark state 
(Fig. 4C). 

Past studies have shown that PL is en- 
hanced in ensembles by repumping the charge 
with higher-energy laser colors (18, 55, 56). We 
extended this work to the single-defect regime 
by applying various illumination energies and 
studying single-defect photodynamics at 90 V 
of reverse bias (past the threshold voltage of 
~75 V of reverse bias for this defect). We ob- 
served under resonant illumination that PL 
quickly dropped to zero and did not recover, 
indicating that 1131 nm (1.09 eV) light [reso- 
nant with the ZPL of a (kk) VV°] ionizes the 
defect, but does not reset the charge state. 
However, after applying higher-energy light 
(e.g., 688 nm), the charge was returned to a 
bright state even with <1 nW of applied power. 
This “repump” of the defect charge state is 
vital for restoring PL for ionized or charge 
unstable VV° in SiC (Fig. 4A) and is essential 
to observe the effects discussed in the previous 
sections (Fig. 4C). 

When both near-infrared (NIR) resonant 
(1131 nm) and red (688 nm, 1.8 eV) light were 
applied to the defect, alternating between the 
bright (VV°) and dark (VV* or VV) charge 
states resulted in a blinking behavior. From 
this blinking (fig. S5), we extract photoioni- 
zation and repumping rates of the defect (57). 
We first examined the ionization rate of a 
single VV° (Fig. 5A) and observed that the 
power dependence was quadratic below de- 
fect saturation (exponent m = 2.05 + 0.2) 
and linear at higher powers (7 = 0.99 + 0.07). 
Our observed data provide evidence for a two- 
photon process to VV (32) suggested in pre- 
vious ensemble studies (78, 56) and are less 
consistent with a recently proposed three- 
photon model converting to VV* (35, 55). Thus, 
we conclude that the dark state caused by 
NIR resonant excitation is VV . Further study 
of the spin dependence of this ionization may 
lead to the demonstration of spin-to-charge 
conversion in VV°. 

Similarly, we studied the charge-reset kinet- 
ics by varying the power of the repumping 
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Fig. 5. lonization and charge reset rates for VV°. 
(A) Dependence of the ionization rate on resonant 
laser power. Low- and high-power regime fits (black 
dotted lines) and their power laws (m = 2.05 + 

0.2 and 0.99 + 0.07, respectively) are shown. The 
solid black line shows a full model fit. (B) Repump 
power dependence of the 688 nm laser showing 

a linear exponent of m = 0.98 + 0.02. Fluctuations in 
the polarization or power of the laser limit the true 
error. (A) and (B) were taken at 90 V of reverse 
bias. (©) Repumping rate as a function of illumina- 
tion wavelength at 270 V of reverse bias with a 
Lorentzian fit centered around 710 nm. With wave- 
lengths longer than 905 nm (and at these powers), 
no PL is observed and the defect is “dark.” All 
error bars represent 95% confidence intervals from 
the fit of the raw data from a single (kk) vV°. All 
data were obtained at T = 5 K. 


laser. We found a near-linear power law with 
m = 0.98 + 0.02 (Fig. 5B). This linear depen- 
dence of the repumping rate can be described 
by two potential models. One possibility is 
that the dark charge state is directly one- 
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photon ionized by repump laser. The other 
possible explanation is that nearby traps are 
photoionized by this color and the freed charges 
are captured by the divacancy to convert back 
to the bright state. By varying the color of this 
reset laser, we found repumping to be most 
efficient at ~710 nm (1.75 eV), suggesting a 
particular trap-state energy or a possible de- 
fect absorption resonance (58, 59) (Fig. 5C). 
Overall, we observed negligible ionization 
from the optimal red repump laser and no 
observable reset rate from the resonant laser. 
This results in fully deterministic optical con- 
trol of the defect charge state [for discussion, 
see (32)], allowing for high-fidelity charge- 
state initialization for quaantum-sensing and 
communications protocols. 


Conclusions and outlook 


The electrical tuning of the environment de- 
monstrated here constitutes a general method 
that could be applicable to various quantum 
emitters in semiconductors in which spec- 
tral diffusion or charge stability is an issue 
(60) or electric field fluctuations limit spin co- 
herence (25, 32). Furthermore, using our p-i-n 
diode as a testbed to study charge dynamics, 
we have developed a technique to perform de- 
terministic optical control of the charge state 
of single divacancies under electric fields (67). 

The techniques presented here will be vital 
to achieving single-shot readout and entangle- 
ment in VV° by enabling charge control and 
enhancing photon indistinguishability, sug- 
gesting doped semiconductor structures as 
ideal quantum platforms for defects. This 
work also enables high-sensitivity measure- 
ment of nanoscale electric fields and charge 
distributions in working devices (43) and fa- 
cilitates spin-to-charge conversion (79) for 
enhanced quantum-sensing and electrical read- 
out protocols (20). Finally, the introduction 
of VV° into classical SiC semiconductor de- 
vices such as diodes, MOSFETs (metal-oxide- 
semiconductor field-effect transistors), and 
APDs (avalanche photodiodes), for example, 
may enable the next generation of quantum 
devices. 
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Direct determination of mode-projected 
electron-phonon coupling in the time domain 


M. X. Na’2*, A. K. Mills'?*, F, Boschini??, M. Michiardi+2?, B. Nosarzewski’, R. P. Day, E. Razzoli*?, 
A. Sheyerman*, M. Schneider", G. Levy'”, S. Zhdanovich"”, T. P. Devereaux’, A. F. Kemper®, 


D. J. Jones'}, A. Damascelli*?+ 


Ultrafast spectroscopies have become an important tool for elucidating the microscopic description 
and dynamical properties of quantum materials. In particular, by tracking the dynamics of 
nonthermal electrons, a material’s dominant scattering processes can be revealed. Here, we present 
a method for extracting the electron-phonon coupling strength in the time domain, using time- 
and angle-resolved photoemission spectroscopy (TR-ARPES). This method is demonstrated in 
graphite, where we investigate the dynamics of photoinjected electrons at the K point, detecting 
quantized energy-loss processes that correspond to the emission of strongly coupled optical 
phonons. We show that the observed characteristic time scale for spectral weight transfer mediated 
by phonon-scattering processes allows for the direct quantitative extraction of electron-phonon 


matrix elements for specific modes. 


he concept of the electronic quasiparticle 
as proposed by Landau (J) is essential to 
the modern understanding of condensed 
matter physics. Among the plethora of 
interactions relevant to solid-state sys- 
tems, electron-phonon coupling (EPC)—which 
is related to phenomena ranging from resistiv- 
ity in normal metals to conventional [Bardeen- 
Cooper-Schrieffer (BCS)] superconductivity 
and charge-ordered phases (2, 3)—has been 
a persistent subject of interest. Although 
strong EPC is desirable in systems such as 
BCS superconductors (4, 5), it is deleterious for 
conductivity in normal metals, curtailing the 


application of many compounds as room- 
temperature electronic devices (6). 

Given the important role of the electron- 
phonon interaction in relation to both con- 
ventional and quantum materials, extensive 
theoretical and experimental efforts have 
been devoted to determining the strength 
and anisotropy of EPC. Although ab initio 
calculations are powerful, they rely on com- 
plex approximations that require precise ex- 
perimental data to benchmark their validity 
(7). Inelastic scattering experiments—such as 
Raman spectroscopy (8), electron energy loss 
spectroscopy (9), inelastic x-ray (J0), and 


A 
t<0 t=0 
>» 
4 hv 
Before Optical e-e 
excitation excitation scattering 


neutron scattering (17)—are able to access 
EPC for specific phonon modes yet are in- 
tegrated over all electronic states. Angle- 
resolved photoemission spectroscopy (ARPES), 
in contrast, can access the strength of EPC via 
phonon-mediated renormalization effects for 
specific momentum-resolved electronic states, 
as revealed by kinks in the electronic band 
dispersion (12-16). However, extraction of EPC 
strength from these kinks requires accurate 
modeling of the bare band dispersion and of 
the electronic self-energy, which can prove 
to be a formidable challenge either because 
of insufficient sensitivity and experimental 
resolution (17), or because of too-strong and/or 
compounded many-body interactions (J8, 19). 
In addition, the interpretation of spectroscopic 
features is often complicated by the fact that 
they may be attributed to several different 
many-body interactions (20-22). 
Alternative and possibly more powerful ap- 
proaches might come from the extension of 
ARPES into the time domain [time-resolved 
ARPES (TR-ARPES)], which has already pro- 
vided deep insights into the relaxation chan- 
nels of hot electronic distributions, in which 
EPC plays a major role (23-28). TR-ARPES 
performed with 6-eV sources has enabled 
detailed study of low-energy many-body 
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Fig. 1. Toy model of optical injection and scattering processes on the 
Dirac cone. (A) Sketch of the Dirac cone and electron dynamics. Black (gray) 
indicates occupied (unoccupied) states. During optical excitation, electrons 
from the lower cone are promoted to the upper cone through a vertical 
transition (red arrow), creating a direct-transition peak (DTP). Electrons 
subsequently relax and scatter through electron-electron (e-e) and electron- 
phonon (e-ph) processes on time scales of 10 and 100 fs, respectively. The 
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former (e-e) broadens the DTP, whereas the latter creates a phonon-induced 
replica (PIR) by the emission of a phonon. (B) Simulation of the transient 
TR-ARPES intensity for a Dirac cone pumped with 1.2 eV, including a retarded 
e-ph interaction with a phonon of energy AQ_ (39). At time t = 0, the DTP 
feature is observed at Eo, = 0.6 eV; at t = to,, the PIR is observed at 

Eptp — AQe. The intensity of DTP and PIR features is enhanced (x8) for 


1 of 6 


6L0z ‘Z| 4equieceq uo /fio Beweouslos sous!0s//:diy Wo pepeojuMOGg 


RESEARCH | REPORT 


A 


% 
= 


Graphite 


Fig. 2. Electron dynamics measured by TR-ARPES in graphite. (A) The 
experimental setup, along with the 2D-projected Brillouin zone of graphite. Blue 
(purple) circle indicates the range of momenta accessible to 6-eV (25-eV) 
photons. We measure along the I’ — K direction, cut shown in red. (B) TR-ARPES 
measurements acquired with a 25-eV probe and 1.19-eV pump. Sample 


phenomena; although this has provided a 
fresh perspective on superconducting gap 
dynamics of cuprate superconductors (29-3)), 
electron-phonon interaction in bulk FeSe (32), 
and surface-state dynamics in topological ma- 
terials (26, 33), low photon energies have 
limited these studies to a small region of the 
Brillouin zone (BZ). ARPES systems using 
high-harmonic sources have extended the 
accessible momenta beyond the first BZ, 
but heretofore they have focused on the high- 
energy-scale electron dynamics on the order 
of 10 fs (25, 27, 34, 35), as energy resolutions 
have yet to reach the standards achieved by 
6-eV systems. 

Here, we explore a paradigm for the TR- 
ARPES study of transient spectral features 
at large momenta, made possible by a fem- 
tosecond high-harmonic source designed with 
specific emphasis on energy resolution (36). 
The experimental strategy is as follows: We 
begin by injecting electrons into specific un- 
occupied states by optical excitation. As the 
hot electrons relax, we track specifically the 
transfer of spectral weight from these photo- 
excited states to lower-energy states via emis- 
sion of a phonon with energy /Qg,, where 
q and v denote the phonon momentum and 
branch, respectively. The time constant ex- 
tracted for this transfer of spectral weight (tq v ) 
can then be directly related to the electron- 
phonon contribution to the self-energy for 
the phonon involved as 


1 20 
— =F (82 )D(E-hQqy) (1) 
dV 


where his the reduced Planck constant, Fis 
the energy of the direct optical transition, 
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(Sav) is the square of the mode-projected 
electron-phonon matrix element averaged 
over the states populated by optical exci- 
tation, and D(£) is the electronic density of 
states (DOS) (7, 37, 38) [for derivation, see 
(39)]. Below, we show that this allows us to 
measure (Sa.v)> gaining insight on the strength 
of the scattering process as well as the energy 
and momenta involved. 

To track the transfer of spectral weight, the 
initial (photoinjected) states and final states 
must be unambiguously defined and located. 
This is easiest on a small Fermi surface, such 
as that of graphene, where phase-space scat- 
tering restrictions limit the number of initial 
and final states. To visualize the aforemen- 
tioned electron-phonon scattering process, we 
simulate the pump-probe experiment using a 
Dirac dispersion as a toy model and calculate 
the transient ARPES spectra in response to 
optical excitation for the case of a single 
strongly coupled Einstein phonon mode of 
energy AQg,y = AQz. This model (Fig. 1B) 
uses a two-time Green’s function formalism 
on the Keldysh contour for a multiorbital 
system. At ¢ = 0, the system is excited with 
a 1.2-eV pulse, which promotes electrons via 
direct optical excitation to 0.6 eV, observed 
experimentally as the direct-transition peak 
(DTP). Then, on the characteristic time scale 
of tq = To,, the electron-phonon interaction 
leads to relaxation of the photoinjected elec- 
tron population via the emission of phonons, 
resulting in the creation of a phonon-induced 
replica (PIR) at an energy Epip = 0.6 eV— 
hQg. In contrast to the toy model, other scat- 
tering processes (such as electron-electron 
scattering) compete with this electron-phonon 
scattering process in the actual experiment, 
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k (At) 


temperature is 50 K before pump arrival. The unpumped dispersion (t < 0) 

is shown in the left panel. The pumped ARPES map at zero delay and the 
differential map are shown in the middle and right panels, respectively. Owing 
to fast thermalization processes, the signal of DTP and PIR cannot be observed 
by simple visual inspection on a linear colormap. 


resulting in a smaller PIR and a larger back- 
ground. In comparing Fig. 1B and Fig. 2B, we 
do not see the predicted DTP and PIR fea- 
tures in the intensity map. However, we show 
that these features are plainly visible in the 
momentum-integrated energy distribution 
curves (Fig. 3). 

In this study, we perform the experiment 
on graphite, which has the same ideal phase- 
space restrictions as its monolayer counter- 
part but does not require consideration of 
substrate coupling, which in graphene is 
known to affect both electronic and phononic 
structure, as well as EPC (40-42). The low- 
energy electronic structure of single-crystal 
graphite consists of two gapless, nearly two- 
dimensional (2D) Dirac-like bands at the BZ 
corners (similar to graphene) as well as a sec- 
ond set of bands that disperse along the c axis 
(k, in our experimental geometry, see Fig. 4A) 
(43-45). In addition, graphite electrons are 
well known to couple to optical phonons at 
T and K (10, 46-50) and have been extensively 
studied both theoretically and experimentally 
(8, 24, 28), making graphite an ideal bench- 
mark system for the application of this time- 
resolved technique. 

Previous time-resolved experiments have 
shown that the time (energy) scale of the 
electron-phonon scattering process is on 
the order of 100 fs (100 meV). Therefore, 
observation of this transient spectral sig- 
nature in TR-ARPES demands a balance of 
time and energy resolution. Achieving the 
system resolution requirements at photon 
energies needed to reach the K point (>20 eV, 
assuming a maximum detection angle of 
60°; see Fig. 2A for the BZ range covered 
by photons of different energy) was made 
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viable by the development of a new cavity- 
based high-harmonic source (36). We select 
the 21st harmonic (25 eV) from the high- 
harmonic spectrum for photoemission, with 
an overall time (energy) resolution of 190 fs 
(22 meV) and a repetition rate of 60 MHz. 
The unpumped ARPES map of the Dirac-like 
dispersion along I — K is shown in the left 
panel of Fig. 2B, where only one branch of 
the cone is observed as a consequence of 
photoemission matrix elements (57, 52). In 
the middle and right panels of Fig. 2B, we 
show, respectively, the pumped ARPES spectra 
at zero delay and the differential map (ob- 
tained by subtracting the equilibrium map 
from the map at zero pump-probe delay). The 
data were measured under perturbative exci- 
tation by a 1.19-eV pump pulse with an inci- 
dent fluence of 18 uJ/em”, where red (blue) 
color indicates a transient increase (decrease) 


A ‘ 
® © |, EDC+offset 
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of photoemission intensity. The time scales 
of the anticipated primary scattering pro- 
cesses after optical excitation are sketched 
in Fig. 1A. After the creation of the DTP above 
the Fermi level (Z;), electrons decay into a 
thermal distribution, mainly via electron- 
electron (e-e) and electron-phonon (e-ph) 
scattering events. Because the e-e scattering 
processes are about an order of magnitude 
faster than e-ph scattering (53), we should 
observe a rapid buildup of photoemission 
intensity at the Fermi energy. This can render 
the observation of the DTP and PIR nontrivial, 
requiring a careful analysis of features above 
the hot-electron background. 

In Fig. 3A, we display the momentum- 
integrated energy distribution curve ( EDC dk) 
along the I — K direction (open circles). We 
stress that the JEDC dk is proportional to 
the occupied DOS along the selected mo- 
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Fig. 3. Time dependence of photoinduced excitations in graphite. Sample temperature is 50 K before 
pump arrival. (A) Open circles display the momentum-integrated energy distribution curve [EDC dk, where 
signal is integrated in momentum along the F — K direction. The subtraction of the biexponential hot-electron 
background (BG) highlights a series of peaks (filled circles), which are a combination of DTPs and PIRs. 
Solid (dashed) lines indicate the fitted position of DTP (PIR) peaks. The phonon energies extracted between 
the DTP;-PIR; and DTP2-PIR2 pairs are 0.165 eV and 0.170 eV, respectively, as indicated by the green 
arrows. (B) Evolution of the most prominent peaks. Dark (light) blue corresponds to DTP; (DTP2), red 
corresponds to PIR;. The amplitudes are indicative of the population of electrons in each state. (C) The 
Lorentzian amplitude for each peak shown in (B) is plotted as a function of time. Dashed lines indicate the 
peak delay: DTP» (PIR;) is delayed 9 fs (47 fs) with respect to DTP). Solid curves indicate the electronic 
occupation for the specified states derived from the rate-equation model fit. The transfer of spectral weight 
from DTP, to PIR; is associated to an e-ph scattering time constant tq, = 174+ 35 fs. 
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mentum cut shown in Fig. 2A (39). Filled 
circles in Fig. 3A represent the JEDC dk after 
removal of a biexponential background given 
by the thermal electronic distribution (near 
Ey) and nonthermal e-e scattering processes 
(near 0.6 eV) (39). Once this background is 
removed, the JEDC dk directly exposes the 
transient peaks, which can be fitted with five 
Lorentzians of the same width (Fig. 3A). We 
can immediately identify the prominent peak 
at 0.6 eV as DTP), which was anticipated in 
the toy model (Fig. 1B) and is associated with 
the optical transition from the m-to-13 band 
in Fig. 4A. The other peaks—as we show in 
more detail below—are a combination of 
PIRs and other DTPs, which arise from the 
second set of electronic bands (7, 74) that 
disperse ink, We confirm these transitions 
in Fig. 4A with a calculation of the optical 
joint DOS for graphite (54), adapted from a 
tight-binding model in (45), for a pump 
photon energy of 1.19 eV. The possible tran- 
sitions along the I’ — K cut are shown in Fig. 
4A. Whereas the 12-to-n, transition is outside 
the range of our data, the three lower DTPs 
fall exactly in the energy range we expect. 
The resulting momentum-integrated optical 
joint DOS is shown in Fig. 4B, along with the 
energy position of the five fitted peaks from 
Fig. 3A. 

To illustrate the DTP-to-PIR scattering pro- 
cess, we focus on the time evolution of the 
three most prominent peaks, shown in Fig. 3B; 
for a discussion of the DTP.-PIR, pair, see (39). 
The combined time and energy resolution of 
our source allows for a detailed study of the 
transient evolution of the DTP and the PIR, 
given by the amplitude of the Lorentzians in 
Fig. 3C. Despite being only 50 meV apart, the 
dynamics of the light-blue and red peaks are 
markedly different. The population of the 
light-blue peak is only slightly delayed with 
respect to the dark-blue DTP, and is identi- 
fied with a direct optical excitation (1-to-14 
band in Fig. 4A, labeled DTP), with the tem- 
poral delay being a consequence of energy- 
dependent electron lifetime (55, 56). In contrast, 
the population of the red peak is delayed by 
At = 47 + 9 fs, too large to be compatible with 
optical excitation. This population instead 
corresponds to the simulated PIR in Fig. 1B, 
where the energy of the phonon involved is 
MQgy = Eprp — Eprr = 0.165 + 0.011 eV. 

The solid curves in Fig. 3C are the result 
of a phenomenological rate-equation model 
describing the transfer of spectral weight 
between the DTP and the PIR pairs (39). The 
population of electrons in the (dark and light) 
blue DTP are governed by rate equations 
involving three terms: population by a 120-fs 
pump pulse, energy-dependent thermaliza- 
tion of the excited state population to the hot- 
electron bath (tj), and energy-dependent 
phonon-mediated decay of the excited state 
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Fig. 4. Calculation of the optical joint DOS and e-ph 
resolved optical joint DOS, extracted using a modified 


(B) Integrated optical joint DOS (OJDOS) along the T° 
extracted from Fig. 3A are also shown, with the locati 


overlaid in solid lines, displaying good agreement with the optical joint DOS. 
(C) The phonon-dispersion of graphite as calculated from DFT (38). Colors 


represent the strength of the total EPC (i.e., integrated 


population (tg,). This latter term transfers 
spectral weight from the DTP; to the PIR,;, 
which lose electrons to the same thermal- 
ization and phonon-mediated decay terms. 
The resultant temporal evolution is then 
convolved with a Gaussian with a full width 
at half maximum of 150 fs to account for the 
pulse duration of the photoemission probe. 
With this simple model, we find that a ther- 
malization constant of t, = 56 + 16 fs and an 
e-ph decay constant of tg, = 174 + 35 fs 
reproduce well the delay and relative popu- 
lation of the nonthermal signatures. In ad- 
dition, the extracted tg, is consistent with 
ab initio calculations and estimates for e-ph 
scattering time in previous time-resolved 
studies (25, 27, 28, 53, 57). Because we are 
coupling to a single-phonon mode of energy 
AQg y = 0.165 + 0.011 eV, we can directly relate 
this time constant to the mode-projected e-ph 


AQ, = 0.165 eV 


coupling. (A) Momentum- 
tight-binding model 

from (39, 45, 54), showing the available optical transitions between the bands of 
graphite for a pump photon energy of 1.19 eV, integrated around k, = 2.614. 
This value is fitted using an inner potential of Vo = 16.4 + 0.1 eV (44). 


— K direction. The peaks 
on of the fitted DTP 


over all electronic 


DOS [D(E — hQg,y) = 0.0241 eV~'] calculated 
from the tight-binding model in Fig. 4A. 
From this, we obtain a value of (gq,) = 
0.050 + 0.011 eV’. 

We now assign the observed PIR to scat- 
tering by a specific phonon mode by compar- 
ing the extracted /Qg, against the phonon 
dispersion of graphite calculated by density 
functional theory (DFT) in Fig. 4C. The colors 
represent the EPC integrated over all elec- 
tronic momenta and indicate strong coupling 
for the £5, mode at I and the A’, mode at K. 
The latter is the phonon mode associated 
with the DTP-PIR pair we observe, as its 
energy matches the 0.165 eV we extract (green 
dashed line). Given that it has momentum K, 
this mode is associated with the intervalley 
scattering of electrons between states at K 
and K’ We consider this scattering process 
explicitly for a single electron in Fig. 4D 


matrix element via Eq. 1, using an electronic 
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(green arrow). Starting from an initial state 7 
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(‘nre) (b‘y)26 


ha 


Fog (LO+TO) 


= 0.195 eV 


momenta) (39). The dominant mode A‘ (E29) is highlighted in green (blue) (46). 
(D) Calculation of the (Cia) (39). Case one: electron scattering with an A; mode 
(green) with momentum ~K from a specific state (indicated by the blue sphere) 
in the 0.61-eV energy contour at K to states in the 0.45-eV contour at K'. Case two: 
electron scattering with an E, (blue) mode with momentum ~0 from a specific 
state in the 0.61-eV energy contour at K to states in the 0.41-eV contour at K. 
(gi) and (2,,) are obtained by integrating over both the constant energy contour 
at Epi and the electron position along the contour at Epp. Colors indicate that 
the value of (g.) is twice that of the LO and TO combined (Gz,,) (see text for 
precise values). The scattering process from K' to K (not shown) is identical. 


on the constant energy contour Ep7p,, we cal- 
culate the matrix element Ska for scattering 
events leading to the final state f on the 
constant energy contour Eprp, — /Q.4',, such 
that ky- k; = q is fulfilled. This mode-projected 
calculation gives a value of (84) = 0.040 eV”, 
in agreement with the experimental value of 
(Sav) = (&%,) = 0.050 + 0.011 eV? that we pre- 
viously extracted from the rate-equation fits 
to the experimental data. In addition to the 

‘, mode, Fig. 4C suggests that the I - Eo, 
modes [longitudinal (LO) and transverse (TO) 
modes] are also expected to be strongly 
coupled; however, considering the scatter- 
ing process as before, we extract for the 
degenerate LO and TO modes a total cou- 
pling (Sz,,) = 0.023 eV’, which corresponds 
to a time constant of >300 fs. This coupling is 
~50% that of the A‘, mode, which is consistent 
with previous theoretical considerations (58). 
Thus, the PIR associated with emission of the 
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T - Ey, phonons would not be visible above the 
hot-electron background in our experiment. 

In this work, we have shown a proof-of- 
principle extraction of the mode-projected 
e-ph matrix element (84) in graphite. We 
remark that (g?) is a fundamental quantity, 
defined as the momentum average of the 
change in the electronic Hamiltonian in 
response to the ionic displacements of a 
phonon (eq. S13). In particular, (g”) is in- 
dependent of doping and specified for a 
well-defined set of initial and final electronic 
states and a well-defined bosonic mode (in 
this case, the A‘; optical phonon with mo- 
mentum K in graphite). Nonetheless, it is 
instructive to estimate the EPC constant 
= 2(g?)D(Ex)/(AQ) for comparison with 
other approaches (7). Commonly seen in re- 
lation to the critical temperature in supercon- 
ductivity, the quantity 4 is doping-dependent 
and integrated over all bosonic and electronic 
degrees of freedom. Therefore, caution must 
be applied in comparing the two quantities. 
In pristine and low-doping graphene or 
graphite systems, the vanishing DOS at the 
Dirac point of graphene (crossing point of 
graphite) makes extraction of A very diffi- 
cult, with reported values ranging from 4 x 
10~* to 1.1 (20, 47, 59-63), while DFT predicts 
X < 0.05 (17). Even forgoing doping depen- 
dence, the large range of reported A values 
clearly illustrates the difficulty ARPES has in 
extracting the EPC of this particular system. 
In this work, we extract (g%.,) for the DTP state 
at 0.6 eV, corresponding to a value of the 
mode-projected EPC Ay, = 0.0182 + 0.004. 
This value characterizes a system where the 
Fermi level is doped up to 0.6 eV above the 
crossing point (the value at zero doping would 
beA,, = 0.006 + 0.001). We would ideally com- 
pare this value with that extracted by kink 
analysis in graphite, but the strong curvature 
of the bare-band dispersion (67) and the lack 
of studies at comparable doping make this 
particularly challenging. Thus, we instead com- 
pare this value to what is reported in (20), a 
doping-dependent study of 4 in graphene that 
is additionally supported by DFT calculations 
(17). When the system is doped such that the 
Dirac point is 0.6 eV below Ey (corresponding 
to acarrier density of n = 4 x 10"? cm”), then 
i = 0.035 is extracted. From this, we see that 
Aa’, ® 4/2, which is consistent with the fact that 
ha’, captures only one of two strongly coupled 
modes in the system (the other being E5,), 
whereas ( as extracted from kink analysis is 
integrated over all modes. Together, these re- 
sults suggest that time-domain measurements 
have the ability to access the EPC in a precise, 
sensitive, and mode-projected way. 

In principle, this technique is applicable to 
materials in which electrons are sufficiently 
strongly coupled to one or a few bosonic modes, 
such that distinct boson-induced replicas can 
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be observed. Beyond graphite and graphene, 
quasi-2D materials such as transition-metal 
dichalcogenides feature gapped bands at the 
K and K’ points, with further restrictions of 
the phase space for scattering stemming from 
valley degrees of freedom, and would be ideal 
candidates for similar TR-ARPES studies. In 
addition, conventional and unconventional 
superconductors, such as MgB, or cuprate- or 
Fe-based superconductors, respectively, fa- 
mously feature strong coupling to bosonic 
modes, which may drive electronic renorm- 
alizations (kinks). By monitoring quantized 
decay processes across the full BZ, this non- 
equilibrium technique will offer a distinct 
approach for studying the microscopic origin 
and momentum dependence of electron-boson 
coupling and its role in the emergence of 
superconductivity. 

These results also prove that a fresh an- 
alytical perspective can be achieved in TR- 
ARPES by taking advantage of femtosecond 
sources that combine high photon energy (to 
access large electronic momenta) with high- 
energy resolution (to resolve the low-energy 
quasiparticle dynamics). With the develop- 
ment of tunable pumps, polarization control 
for pump and probe, and bandwidth control 
to balance the trade-off between energy and 
time resolution, a growing versatility will be 
available for TR-ARPES experiments. By mon- 
itoring the population of electrons injected into 
momentum- and energy-selected states by di- 
rect optical excitation, it would be possible to 
formulate a series of studies on empty state 
dispersion, lifetime, decoherence, and electron- 
boson interactions in a wide range of quantum 
materials. 
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Extinction filters mediate the global effects of 
habitat fragmentation on animals 


Matthew G. Betts}, Christopher Wolf"*+, Marion Pfeifer”, Cristina Banks-Leite®, 

Victor Arroyo-Rodriguez*, Danilo Bandini Ribeiro, Jos Barlow®”, Felix Eigenbrod®, Deborah Faria®, 

Robert J. Fletcher Jr2°, Adam S. Hadley’, Joseph E. Hawes”, Robert D. Holt”, Brian Klingbeil’°, 
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Konstans Wells*, Oliver R. Wearn®’, Eric Wood™“, Richard Young®®, Robert M. Ewers? 


Habitat loss is the primary driver of biodiversity decline worldwide, but the effects of fragmentation (the spatial 
arrangement of remaining habitat) are debated. We tested the hypothesis that forest fragmentation sensitivity— 
affected by avoidance of habitat edges—should be driven by historical exposure to, and therefore species’ 
evolutionary responses to disturbance. Using a database containing 73 datasets collected worldwide (encompassing 
4489 animal species), we found that the proportion of fragmentation-sensitive species was nearly three times 

as high in regions with low rates of historical disturbance compared with regions with high rates of disturbance 
(i.e., fires, glaciation, hurricanes, and deforestation). These disturbances coincide with a latitudinal gradient 
in which sensitivity increases sixfold at low versus high latitudes. We conclude that conservation efforts to limit 
edges created by fragmentation will be most important in the world’s tropical forests. 


lobal biodiversity loss is occurring at 

more than 100 times the prehuman 

background extinction rate (7), and there 

is general consensus among scientists 

that most species’ declines can be at- 
tributed to habitat loss (2, 3). Nevertheless, the 
degree to which habitat fragmentation, defined 
as the spatial arrangement of remaining hab- 
itat, influences biodiversity loss has been a 
source of contention for over 40 years (4-7). 
Resolving this debate is important to conser- 
vation planning, which can entail designing 
the configuration of landscapes as well as 
spatially prioritizing areas for conservation 
(8). Forest fragmentation is particularly pres- 
sing given that 70% of Earth’s remaining forest 
is within 1 km of the forest edge (9) and that 
fragmentation of the world’s most intact forest 


landscapes—the tropics—is predicted to accel- 
erate over the coming five decades (0). 

The variation across taxa and regions in 
species’ responses to fragmentation and edge 
effects in particular is central to the fragmen- 
tation debate (6, 11, 12). It is well known that 
life history and other ecological traits mediate 
species’ responses to habitat edges (13), but 
the degree to which there are predictable geo- 
graphical patterns in species’ sensitivity has 
yet to be quantified across multiple taxa on 
a global scale. 

Species’ evolutionary histories can shape 
their capacity to respond to novel stressors. The 
extinction filter hypothesis predicts that spe- 
cies that have evolved and survived in high- 
disturbance environments should be more 
likely to persist in the face of new distur- 


bances, including those of habitat loss and 
fragmentation (1/4). Further, more frequent 
disturbances could act as a barrier to sensi- 
tive species, preventing them from colonizing 
disturbance-prone regions. Disturbances often 
create edges, and in environments with fre- 
quent and large-scale disturbances, persistent 
species are more likely to be adapted to ubiqui- 
tous edge habitats. The extinction filter hypoth- 
esis is at least several decades old and has been 
suggested to apply in forest (15, 16) and grass- 
land systems (/4). Both natural disturbances 
(such as wildfires and glaciation) and anthro- 
pogenic ones (such as logging, burning, and 
hunting) are thought to exert such evolutionary 
pressures (14). Nevertheless, there has been no 
global test of whether historical disturbance 
regimes can explain fragmentation effects. 
We used 73 datasets collected worldwide 
containing 4489 species from four major taxa 
[2682 arthropods, 1260 birds, 282 herptiles 
(reptiles and amphibians), and 265 mammals] 
(Fig. 1, fig. S1, and tables S1 and S2) to provide 
a global test of the extinction filter hypothesis 
in forest ecosystems (17). In the presence of an 
extinction filter, species inhabiting a filtered 
landscape with high levels of disturbances over 
historical (evolutionary) time scales should be 
resilient to new disturbances—either because 
sensitive species have been driven locally ex- 
tinct or because extant species have adapted 
to disturbance. Either mechanism would lead 
to a reduced prevalence of fragmentation- 
sensitive species in regions of the globe where 
disturbance has been historically common. 
We used a recently developed approach to 
quantify the landscape-scale impacts of forest 
edges on biodiversity (3, 18). By definition, hab- 
itat fragmentation for a given habitat amount 
leads to more, smaller patches, with a greater 
proportion of edge. We focus on landscape- 
scale variation in edge effects rather than the 
number of patches, because edge effects have 
long been known to have widespread effects on 
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biodiversity (13), and the approach we use 
comprehensively captures the process of frag- 
mentation at the landscape scale (17) (figs. S2 
and S3). 

These data and methodology have been 
documented extensively elsewhere (13), so 
we present a brief overview relevant to our 
analysis. Each dataset contains a set of sam- 
ple points within a fragmented forest region 
where abundances of one or more species from 
major taxonomic groups were sampled. We 
quantified two key aspects of edge effects: edge 
influence across the region and edge sensi- 
tivity of species. We quantified edge influence 
(EI) surrounding sample points on the basis of 
variation in percentage of forest cover (13, 17). 
This metric accounts for the cumulative effects 
of multiple edges (including edge shape and 
patch size) that magnify the realized impact 
of edges on species. Edge sensitivity (S) is a 
population-specific measure of fragmenta- 
tion sensitivity that ranges from 0.0 (no edge 
response) to 1.0 (high edge avoidance or 
preference). Because S does not distinguish 
between forest and matrix species or between 
edge avoidance and edge preference, we also 
used abundance, percentage of tree cover 
within 30 m of sample points, and EI to clas- 
sify species as forest, nonforest matrix, or 
generalist habitat users and as core, edge, or 
no preference (/7) (fig. S4). We did this by 
simulating sets of example abundances in 
each category (e.g., forest core) and then using 
a naive Bayes classifier to estimate the most 
likely category for each actual species on the 
basis of abundance versus point cover and EI 
relationships. By definition, forest core species 
are those that are restricted to forest areas 
distant from the edge; hence, these species are 
sensitive to fragmentation of large patches into 
smaller ones (figs. S2 and S3). We used this 
classification as the basis for our statistical 
models, focusing on both the probability of 
forest species being classified as core and the 
probability of species being classified as forest, 
matrix, or generalist. For each study site, we 
assembled available data on forest fire severity 
(19), whether or not its location was glaciated 
in the last glacial maximum (20), whether or 
not it experienced tropical storms (27), and if 
historical anthropogenic forest loss at the site 
exceeded 50% (3, 17) (Fig. 1). 

Across all species combined, we found strong 
support for the extinction filter hypothesis ex- 
plaining geographically variable sensitivity to 
forest edge. The odds of forest species being 
classified as forest core were 79.0% (95% con- 
fidence interval: 65.9 to 87.0%) lower in study 
regions that have experienced historically se- 
vere disturbances (P < 0.001) (Fig. 2 and table $3). 
A substantial 51.3% of forest species tended 
to avoid edges in low-disturbance regions, 
whereas only 18.1% of forest species in high- 
disturbance regions avoided edges (Fig. 2). 
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Fig. 1. Geographic distributions of sample study regions and historical disturbances. (A) Locations of the 
35 BIOFRAG regions where the 73 datasets included in our analysis were collected. Areas that can support 
forests are shown in green. The regions are colored according to disturbance severity. (B) Distributions of 
historical disturbances: tropical storms, historical (long-term) deforestation, high-intensity crown fires, and 
glaciation. (C) Typical periods over which high-severity disturbances return to the same location. 


Edge-sensitive species are therefore largely 
absent from communities in historically dis- 
turbed locations, suggesting that they have 
either disappeared from these regions or 
adapted to become less edge sensitive. This 
result was particularly strong for arthropods 
and birds, and the results were in the same 
direction for herptiles and mammals, though 
nonsignificant, likely owing to lower sample 
sizes. Results were stronger still when we 
considered the proportion of forest species as 
a function of disturbance severity. The odds of 
a species being forest associated versus being 
associated with other habitats were 729% (95% 
credible interval: 608 to 891%) higher in low- 
disturbance versus high-disturbance regions 
(fig. S5 and table S4). 

Edge sensitivity (S) of forest core species ten- 
ded to be 1.16 times as high in low-disturbance 
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regions [S = 0.660 + 0.004 (standard error)] as 
in high-disturbance regions (S = 0.568 + 0.004). 
This effect size is considerable; species with 
values of S > 0.75 are found only within the 
forest interior far away from edges, whereas 
forest species with S = 0.5 are abundant up to 
the edges (13). Additionally, historical anthro- 
pogenic forest loss alone was substantially less 
effective at predicting the proportion of core 
species than either the combination of his- 
torical disturbances or natural disturbance alone 
(table S3). Thus, evolutionary responses and 
patterns of extinction of forest species in high- 
disturbance regions are not driven solely by 
anthropogenic habitat loss and fragmentation. 
The effects of disturbance on edge influence 
sensitivity and the proportion of forest core spe- 
cies are unlikely to be an artifact of undersam- 
pling in high-disturbance regions (fig. S6). Also, 
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Fig. 2. The proportion of forest species associated with core habitat is 
mitigated by historical exposure to disturbance. (A) Estimated proportions 
(with 95% confidence intervals) are based on mixed-effects logistic regression 
models.The binary disturbance variable (low- versus high-disturbance sites) 
indicates whether each of the 73 BIOFRAG datasets comes from a location that 
has had high-severity disturbances of any type (glaciation, tropical storms, crown 
fires, or >50% historical forest loss). Numbers of species are shown beside point 


these results were robust to other potential con- 
founding variables: phylogenetic relatedness (fig. 
87), migratory behavior (table S5), geographic 
range size (table S6), and distance to range edge 
(table S6). Notably, the strong disturbance effect 
could not be reproduced when species were cat- 
egorized using forest amount alone (6), indi- 
cating that our findings relate primarily to 
fragmentation in addition to landscape-scale 
forest loss (tables S7 and S8). The disturbance 
effect generally remained after statistically ac- 
counting for absolute latitude (table S9); the pro- 
portion of forest core species declined roughly 
sixfold and the proportion of forest-associated 
species declined 1.5-fold over the entire abso- 
lute latitudinal gradient observed (0.7° to 51.8°) 
(Fig. 3 and figs. S8 and S9). Tropical species 
have been confronted with less historical dis- 
turbance (Fig. 1B) and therefore tend to be 
more edge sensitive and more likely to be as- 
sociated with forest (table S4 and fig. S8). 
The extinction filter hypothesis can be gen- 
eralized beyond forest species to predict that, 
in areas typified by large-scale historical dis- 
turbances, we should see a greater proportion 
of species that have evolved with nonforest 
land-cover types, including disturbed habitats 
(hereafter, the matrix). For example, a wide 
range of species in the Pacific Northwestern 
United States—where stand-replacing crown 
fires are common—is associated with early 
successional ecosystems (22). Our data sup- 
port this prediction; the odds of species using 
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matrix habitat relative to using forest habitat 
were estimated to be 644% higher in high- 
disturbance regions than in low-disturbance 
regions (95% credible interval: 523 to 788%) 
(fig. S5 and table S4). The proportion of matrix 
species also strongly increased with latitude 
(fig. S9 and table S4). 

Our results support the extinction filter hy- 
pothesis; climatic, ecological, and anthropo- 
genic disturbances have already filtered out 
many of the species that would be more sus- 
ceptible to forest edges and the process of 
fragmentation caused by deforestation (/6). 
Proportions of forest core species are subs- 
tantially greater in regions that have not ex- 
perienced large-scale historical disturbances. 
This effect results in a latitudinal gradient in 
fragmentation sensitivity and helps to explain 
the surprising rarity of extinctions following 
recent anthropogenic disturbance in Europe 
and eastern North America (23). Species that 
were strongly sensitive to disturbance-created 
edges have likely either undergone local ex- 
tinction or adapted to repeated glaciation or 
historical land clearance. 

Our results partly reconcile the debate about 
the conservation importance of fragmentation 
and its effect on biodiversity (6, 7). Many studies 
that have found reduced fragmentation effects 
were conducted in already-denuded landscapes 
(24), in locations with stand-replacing distur- 
bance [glaciers or fire (25)], and at high latitudes, 
which experienced glacial advances and retreats 
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estimates. (B) Tropical rainforest, undisturbed by stand-replacing disturbance. 

(C) Tropical deforestation for pastureland. (D) Temperate forest landscape that has 
been disturbed by wildfire. (E) Temperate forest clearcuts. The extinction filter 
hypothesis predicts that species in disturbance-prone regions (D) should be less 
sensitive to habitat edges created by anthropogenic fragmentation (E) than species 
that have evolved in landscapes where disturbances are rare [(B) and (C)]. 
[Photos: (B) C. Ziegler; (C) to (E) M. G. Betts] 


(26). Conversely, studies that have found strong, 
negative fragmentation effects are often from 
the tropics, where broad-scale disturbance is 
rarer (27), or are for matrix-associated temper- 
ate zone species, which are adapted to un- 
fragmented but disturbed habitats (28, 29). 
Exceptions to this general pattern do, of course, 
exist (30, 31); we caution that temperate species 
are not necessarily robust to anthropogenic 
change of other types and synergistic effects of 
stressors may pose novel threats. For instance, 
climate change may interact with habitat loss 
and fragmentation to reduce species’ capacity 
to adapt (32). Nevertheless, our data highlight a 
strong underlying pattern that has the po- 
tential to explain why fragmentation studies 
are known for generating such variable results. 
It will be essential to tie our broad-scale analy- 
ses to the analysis of the mechanistic under- 
pinnings of fragmentation sensitivity to better 
generalize across biomes and taxa. 

These results indicate that conservation 
actions designed to mitigate edge-driven frag- 
mentation effects can be tailored to the par- 
ticular regions most likely to host sensitive 
species, rather than applying simple rules 
to the entire globe. In regions in temperate 
zones with greater historical disturbance, ef- 
forts might be focused more on conserving 
mature forest habitat, regardless of its spa- 
tial configuration (6). On the other hand, ef- 
forts to reduce forest fragmentation should be 
concentrated in regions with low historical 
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Single-molecule detection is a powerful method used to distinguish different species and follow time 
trajectories within the ensemble average. However, such detection capability requires efficient emitters 
and is prone to photobleaching, and the slow, nanosecond spontaneous emission process only reports on 
the lowest excited state. We demonstrate direct detection of stimulated emission from individual 
colloidal nanocrystals at room temperature while simultaneously recording the depleted spontaneous 
emission, enabling us to trace the carrier population through the entire photocycle. By capturing the 
femtosecond evolution of the stimulated emission signal, together with the nanosecond fluorescence, we 
can disentangle the ultrafast charge trajectories in the excited state and determine the populations that 
experience stimulated emission, spontaneous emission, and excited-state absorption processes. 


omplex physical, chemical, and bio- 
logical processes are determined by 
fundamental spatial and temporal in- 
teraction trajectories. Only ultrafast 
techniques with single-emitter sensitiv- 
ity can unveil their inherent transient inter- 
mediates and allow exploration of processes 
such as molecular vibrations and energy trans- 
fer (/-3) and of nanoscale dynamics in plas- 
monic or two-dimensional materials (4, 5). The 
small interaction cross sections of individual 
nanoparticles make it difficult to rely on the 
conventional ultrafast approaches, such as 
transient absorption and nonlinear four-wave 
mixing. Consequently, single molecules and 
nanoparticles are almost exclusively detected 
through Stokes-shifted spontaneous emission 
[fluorescence or photoluminescence (PL)], which 
is background-free, allowing for photon count- 
ing sensitivity and detection of weakly fluores- 
cent emitters. The use of fluorescence detection, 
however, is hampered by a number of limi- 
tations: It is restricted to luminescent samples, 
is sensitive to bleaching, and, in the linear 
regime, is slow (nanoseconds), reporting only 
on the population of the final emitting state 
and missing out on femtosecond dynamics. 
Despite the exploration of several alternative 
detection schemes, such as photothermal (6), 
linear absorption (7, 8), and enhanced Raman 
(9), ultrafast detection of single entities beyond 
fluorescence has remained challenging. 
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Here, we demonstrate a highly sensitive ex- 
perimental scheme based on the direct detec- 
tion of stimulated emission (SE) for studying 
the excited-state dynamics in nanoscopic sam- 
ples with femtosecond temporal resolution. 
SE microscopy involves one laser pulse for 
promotion to the excited state and a second, 
delayed pulse for stimulation back to the 
ground state, generating a new SE photon 
(10). SE forms the basis of stimulated emis- 
sion depletion (STED) microscopy; however, 
in atypical STED experiment, the stimulated 
photons are discarded and only PL is recorded. 


Yet, the instantaneous SE photons contain 
information on the excited-state population 
and its dynamics and relaxation pattern, which 
is otherwise inaccessible from the slow PL. To 
its advantage, SE is not dependent on the 
quantum efficiency of the sample, has femto- 
second temporal resolution, is coherent, and 
is capable of mapping the dynamics of an 
arbitrary excited state. 

We present direct stimulated emission de- 
tection and imaging of individual nanocrystals 
(NCs) and trace the excited-state dynamics of 
single colloidal CdSe/CdS rod-in-rod NCs (17) 
with femtosecond temporal resolution at 
ambient conditions. The PL is detected simul- 
taneously with the SE, generating two indepen- 
dent, complementary images. It is important 
to understand the dynamic interplay between 
various charge relaxation pathways—such as 
charge injection, extraction, transfer and de- 
localization, and excited-state relaxation— 
both ultrafast and with nanoscopic sensitivity 
(12-14). Our femtosecond SE experiment on 
single NCs shows the excited-state relaxation 
dynamics of individual charges, the dynamical 
heterogeneity of NCs, and the relative contri- 
butions of the various stimulated processes, all 
with single-NC sensitivity. 

A pump beam excites the NC through two- 
photon absorption to a highly excited state 
in the conduction band [Fig. 1; for details, see 
materials and methods (15)]. The excited hot 
electrons and holes, initially localized in the 
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Fig. 1. Concept of the ultrafast stimulated emission nanoscopy. (A) Schematic of the experimental 
setup. PD, photodiode; LIA, lock-in amplifier; APD, avalanche photodiode; AOM, acousto-optic modulator. 
(B) Spectral characteristics of the broadband laser pulse (pump pulse, brown; probe pulse, red) and 
CdSe/CdS NCs. Gray- and blue-shaded areas represent the absorption and emission spectra of the NCs, 
respectively. The black area indicates the spectral range of the two-photon absorption (2PA). (C) Energy-level 
sketch of a core/shell CdSe/CdS NC. CB, conduction band; VB, valence band. 
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shell, decay through the excited-state progres- 
sion and eventually localize in the lowest ex- 
cited state (band edge) in the core (Fig. 1C). The 
probe (stimulation) beam, resonant with the 
core band-edge transition, leads to charge re- 
combination, stimulates the NC back to the 
ground state, and induces emission of a stim- 
ulated photon. Therefore, any information 
on the excited charges imprinted by the pump 
beam in the shell is “read out” by the stimu- 
lating probe beam, when one of the excited 
charges reaches the core band-edge states. 
The pump beam is modulated, and the SE 
signal is retrieved by lock-in detection. 

As a first step, we raster-scanned the sample 
while simultaneously detecting both modu- 
lated signal (Sy,oq) and PL (Fig. 2, A and B). 
The PL image clearly reveals the presence of the 
NCs, which we verified through their emission 
spectra (fig. S1). The corresponding S,,oq image 
shows contrast at the same sample positions 
where the PL signal appears. Moreover, the 
measured Syoa Signal was always positive, 
meaning we detected extra photons in our 
stimulation beam (supplementary text 1). Two 
effects can, in principle, lead to an increase 
in the transmitted probe-beam intensity when 
the NC is excited: stimulated emission and 
ground-state depletion (GSD). In the first case, 
the SE process following electron-hole recom- 
bination gives a net increase in the probe-beam 
intensity. In the second case, the absorption 
of the probe beam is lower because of the 
depletion of the ground state, owing to the 
presence of either a hole or electron in its 
respective energy level. The two contribu- 
tions can be readily distinguished by time- 
resolved experiments, as shown later. For most 
NCs, we found a perfect correspondence be- 
tween PL and Sinoq images and observed Sioa 
wherever PL appeared (Fig. 2C). Interestingly, 
in some cases, we detected PL but no mea- 
surable Syioa (Fig. 2E). We assigned this signal 
to core-free CdS shell nanoparticles that co- 
nucleated during synthesis. Finally, on rare 
occasions, we observed Syoq contrast but no 
PL (Fig. 2D). The signal likely originated from 
highly quenched NCs, because it is improbable 
that we would have observed other particles 
with the exact same spectral signature. Clearly, 
the spectral dependence of S,>q correlated 
with the probe beam, and the ability to simulta- 
neously detect PL and S,,oq gives us extra in- 
sight as to the nature of the detected NCs. 

Ultrafast coherent response is the main ad- 
vantage of SE detection. In Fig. 3A, we show a 
series of PL and Syoq images for different 
interpulse delay times (see fig. S2 for more 
images). Although the PL signal is detected at 
all delay times Az, the Sioa Signal appears only 
when the pump pulse overlaps or precedes the 
stimulation pulse. At negative delay times, 
when the stimulation pulse arrives before the 
pump pulse, the NC is in its ground state and 
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Fig. 2. Stimulated emission imaging. (A and B) Confocal images of the same sample area showing PL 
and the lock-in signal (Smoa), respectively. The stimulation beam was set to arrive 7 ps after the pump 
beam (supplementary text 2). (€ to E) Comparison between the PL and Sinoq images for the three 


regions of interest indicated in (A) and (B). 


there is no excited-state population for the 
probe pulse to interact with. For the NC marked 
with an “x” in Fig. 3A, the second-order auto- 
correlation trace exhibits a dip with degree of 
coherence g0) < 0.5, indicating the non- 
classical emission of a single NC (fig. S3). The 
time-resolved traces revealed that when Sioa 
(blue) increases in time, the PL (red) decreases 
(Fig. 3B). This is intuitive: The excited-state 
population, which is stimulated down back 
to the ground state, does not contribute to the 
spontaneous emission, leading to PL depletion. 
The fact that S;,oq and PL signals are anti- 
correlated unambiguously indicates that Sinoq 
contains a substantial contribution from the 
SE process. Furthermore, we found that the 
changes in both signals, S,,oq ingrowth (AS;noa) 
and PL depletion (APL), occur on specific time 
scales. Interestingly, the APL depletion occurs 
with a single time constant, whereas ASmoa 
grows in with two time constants. The slower 
time constant of ~400 to 700 fs is identical to 
the time constant with which APL decreases. 
However, a considerable part of the S,,oq grows 
on a faster time scale and cannot be observed 
within the cross-correlation time of the pump 
and probe pulses (<200 fs). To understand this, 
one needs to consider that the NCs are initially 
pumped to a highly excited state in the shell 
(supplementary text 3), whereas the stimula- 
tion pulse probes the lowest excited state in the 
core. GSD occurs when charges are present in 
the excited state of the transition resonant with 
the probe energy. As soon as the faster of the 
two charges reaches the lowest excited state of 
the core (16-19), the probe-beam absorption 
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will decrease. This means that GSD reports on 
the relaxation rate of the fastest charge, either 
the electron or the hole. By contrast, the probe 
beam can induce charge recombination and 
SE only when both electron and hole localize 
into the core. Consequently, SE is sensitive to 
relaxation of the slower of the two charges. In 
the PL, we see only the slower component be- 
cause PL is a time-averaged signal, which is 
mostly sensitive to the population decay of the 
lowest excited state (supplementary text 4). 
We quantified the observed dynamics by 
simultaneously fitting the PL and Syoq traces 
(supplementary text 5). PL and Sioa traces 
acquired on small NC clusters revealed that 
the average slower charge relaxation time is 
550 fs (black histogram in Fig. 3C). The time- 
delay traces recorded repeatedly on the same 
individual NCs (for more traces, see fig. S5) 
revealed the relaxation heterogeneity among 
individual NCs (Fig. 3C). From the difference 
in the dynamics between SE and GSD, we 
determined the relative contribution of the 
two signals to the total measured signal Syioa 
by performing simple, qualitative kinetic rate 
equation calculations (supplementary text 6). 
The experimental ratio of SE/S,,oq extracted 
from individual time traces for a large number 
of NCs centers around a value of ~0.17 (Fig. 
3D). The observation of a ratio SE/Sioq < 0.2 
strongly suggests that the cross sections for 
absorption and SE might be somewhat differ- 
ent, given the large asymmetry between the 
shape of the absorption and emission bands. 
The lower SE signal with respect to GSD 
signal might also be caused by an excited-state 
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absorption (ESA) process. In ESA, the probe 
beam promotes the excited charges to higher 
excited states at the cost of absorbing a probe- 
beam photon, leading to a reduction of the 
apparent SE contrast and enhanced bleaching 
(14, 20) and quenching (27). To uncover the 
role of ESA in our NC dynamics, we varied the 


duration of the probe pulse, because the ESA 
timing should be sensitive to the observed 
550-fs relaxation time of the hot state. Once 
the charges have again returned to the emit- 
ting state, the probe pulse should stimulate 
the NC down. The concept, depicted in Fig. 4B, 
is analogous to STED experiments, where the 
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Fig. 3. Time-resolved stimulated emission microscopy. (A) A series of images acquired by detecting PL 
and the S,ioq signal for different excitation and stimulation interpulse delays At. (B) Simultaneously 
detected Smog (blue) and PL (red) time traces for a CdSe/CdS NC. (€) Histogram of the exciton relaxation 
times. Red, blue, and green histograms correspond to relaxation times extracted from the fits to individual 
time traces of three different, single NCs. The black histogram shows occurrences of relaxation times 
extracted from averaged traces from NC clusters. (D) Histograms showing the relative contributions of the 
SE (blue) and the APL (red) to the total detected signal change Sjioq and PLy - PLt., respectively. 
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STED pulse is stretched to prevent reexcita- 
tion (22). We measured the S;yoq and APL con- 
trast for increasing probe-pulse duration (I), 
stretched up to 2.5 ps, at At = 7 ps delay. In 
Fig. 4C, both S,;,5q and APL show increased 
contrast with the probe-pulse duration. Inte- 
restingly, the ingrowth matches very well the 
550-fs excited-state charge relaxation time 
determined from the pump-probe traces. A 
simulation using the kinetic rate equation 
model expanded with the ESA process (sup- 
plementary text 7) reproduces the experimen- 
tal data well and confirms our hypothesis that 
stretching the stimulating probe pulse allows 
stimulation down of charges that otherwise 
undergo ESA. 

Interestingly, the simultaneous detection 
of stimulated and spontaneous emission of a 
single NC allows us to correlate the decays in 
a quantitative manner. The number of photons 
detected in SE should be equal to the number 
of photons missing in PL, that is, PL depletion. 
For the data shown in Fig. 3B, we determined 
an effective number of photons depleted from 
PL, APLeg = 1.6 x 10” photons/s, and an effec- 
tive number of photons gained in the stimula- 
tion beam, ASEgi = 1.3 x 10” photons/s per NC 
(supplementary text 8). The two values are 
in good agreement, given that the detection 
occurs in two independent channels, using 
photon counting versus analog detectors. 

The high sensitivity of the presented SE 
detection opens up new imaging possibilities 
for weakly fluorescing or quenched systems, 
and the time-resolved experiment provides 
information on the excited-state relaxation 
dynamics and its mechanism, all with femto- 
second time resolution and single-emitter 
sensitivity. The unconventional, simultaneous 
detection of the spontaneous and stimulated 
emission provides large imaging specificity: 
The fact that SE depends on two distinct fre- 
quencies, in combination with the interpulse 
time delay, makes the method extremely 


Kinetic model amplitude [a.u.] 


1000 1500 2000 2500 


duration. The traces were averaged from seven separate measurements 
(four positively and three negatively chirped probe traces) on different 
NC clusters. Error bars indicate the standard deviation. The black dashed 
line is the result of solving the set of kinetic rate equations described in 
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sensitive to different species within a dense 
ensemble. 

The time-resolved femtosecond SE exper- 
iment allowed to us to provide a compre- 
hensive picture of the excited charges, which 
are either stimulated down or promoted to 
higher excited states or recombine spontane- 
ously. The SE and GSD contributions comprise 
<20 and >80% of the total induced ground- 
and excited-state population difference, respec- 
tively. This was aided by the fact that the two 
excited charges—electrons and holes—exhibit 
different relaxation times (supplementary text 
9). The rod-in-rod CdSe/CdS NC excited holes 
localize at the core band edge within 200 fs, 
whereas the excited electrons relax to the core 
band edge on a time scale of 550 fs. We found 
that the electron relaxation time differs by 
nearly a factor of two between individual NCs. 
Finally, the single-emitter sensitivity of our ex- 
periment allowed us to compare the number 
of photons lost in PL and gained through SE in 
absolute terms, which is difficult to achieve for 
ensembles (23). Stretching the stimulation pulse 
allowed us to elucidate the presence of ESA and 
increase the SE efficiency by 40 to 50%, that 
is, a substantial portion of the excited charges 
undergo ESA and relax back to the core band- 
edge states. 

The ultrafast SE microscopy opens up a 
spectrum of experiments for exploration (sup- 
plementary text 10). Scanning the stimulation 
pulse energy would allow for state selectivity 
and enable the study of excited state-to-state 
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dynamics (16). Given its coherent nature, SE 
microscopy could be expanded to accommo- 
date heterodyne detection of the stimulation 
beam and could provide easy access to in- 
vestigating coherent effects such as coherent 
energy transfer (3, 24). The absorption cross 
section of our NCs at the stimulation wave- 
length is approximately an order of magni- 
tude larger than the absorption cross section 
of a typical fluorescent dye (3 x 107'° versus 
10-™ cm?) (25). Therefore, even single molecules 
could be detected in stimulated emission. 
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Transmitting the quantum state of electrons across a 
metallic island with Coulomb interaction 


H. Duprez"*, E. Sivre’*, A. Anthore"?, A. Aassime’, A. Cavanna’, U. Gennser’, F. Pierre’+ 


The Coulomb interaction generally limits the quantum propagation of electrons. However, it can also 
provide a mechanism to transfer their quantum state over larger distances. Here, we demonstrate such 
a form of electron teleportation across a metallic island. This effect originates from the low-temperature 
freezing of the island’s charge Q which, in the presence of a single connected electronic channel, 
enforces a one-to-one correspondence between incoming and outgoing electrons. Such faithful quantum 
state imprinting is established between well-separated injection and emission locations and evidenced 
through two-path interferences in the integer quantum Hall regime. The additional quantum phase of 
2nQ/e, where e is the electron charge, may allow for decoherence-free entanglement of propagating 


electrons, and notably of flying qubits. 


disordered environment, with a large 

number of interacting degrees of free- 

dom, is generally considered unfavorable 

for quantum technologies. Such an en- 

vironment is exemplified by a metallic 
island with a large energy density of states and 
a small number of connected electronic chan- 
nels, through which there is no quantum co- 
herent propagation of individual electrons. 
Indeed, the time that an individual electron 
spends inside the island (J) is typically much 
longer than the interval between inelastic 
collisions destroying its quantum coherence 
(2, 3). In contrast to this conventional wisdom, 
we show experimentally that the Coulomb 
interaction in such an island can, under the 
right circumstances, lead to a near perfect 
transmission of the quantum state of elec- 
trons across it, mediated by the collective 
surface plasmon modes of the island (4, 5). 
In the quantum Hall regime implementa- 
tion, where injection and emission points 
are physically separated by chirality, this con- 
stitutes a form of teleportation of the electrons’ 
state. This phenomenon is different from the 
standard “quantum teleportation” protocol 
(6) and similar to the “electron teleportation” 
proposed in (7). 

The voltage probe model of a metallic island 
(8) is widely used to mimic the electrons’ quan- 
tum decoherence and energy relaxation toward 
equilibrium [see, e.g., (9)]. However, independ- 
ent absorption and emission of electrons result 
in fluctuations of the total island charge Q, with 
a characteristic charging energy Ec = e?/2C (C 
is the geometrical capacitance of the island 
and e is the elementary electron charge). At 
low temperatures T < Ec/kp (where Xx is the 
Boltzmann constant), this energy is not avail- 
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able, and the macroscopic quantum charge 
state Q is effectively frozen (5, 10) [although 
not quantized in units of e as long as one 
channel is perfectly connected (11-13)]. Conse- 
quently, correlations develop between absorbed 
and emitted electrons. Such correlations are 
strongest if only one transport channel is con- 
nected to the island, in which case theory 
predicts that the electrons entering it and 
those concomitantly exiting it are in identi- 
cal quantum states (4, 5) [see also (/4) for a 
related prediction in the presence of strong 
nonlocal interactions along quantum Hall 
edges]. Effectively, the electronic states within 
the connected quantum channel are decoupled 
from the many quasiparticles within the island, 
even though the incoming (outgoing) physical 
electron particles penetrate into (originate 


Fig. 1. Device e-beam 
micrograph. Areas with a 
Ga(Al)As 2DEG underneath 
the surface appear darker. 
The applied perpendicular 
magnetic field B ~ 5 T 
corresponds to the integer 
quantum Hall regime at 

a filling factor of 2. Capaci- 
tively coupled gates colored 
green and blue control, 
respectively, the MZI beam 
splitters for the outer quan- 
tum Hall edge channel 
(lines with arrow, here 
corresponding to the sche- 
matic in Fig. 2B) and the 
connection to the floating 
metallic island (sand yellow, 
in right half) in good ohmic 


from) the island. Another consequence is that 
heat evacuation from the island’s internal 
states along the channel is fully suppressed 
(0). By contrast, in the presence of two or 
more open channels, the coherence is lost 
(5), and heat evacuation is restored, in agree- 
ment with the recently observed systematic 
heat Coulomb blockade of one ballistic chan- 
nel (15). The comparable “electron telepo- 
rtation” proposed in (7) also relies on the 
“all-important” Coulomb charging energy 
of a small island, which has to prevail over 
temperature and voltage bias. In this pro- 
posal (7), the island is superconducting, 
without subgap states except for Majorana 
bound states at the injection and emission 
locations. Such a teleportation process was 
recently invoked as one possible mechanism 
for the observed coherent single-electron 
transport across a hybrid superconductor- 
semiconductor island in the Coulomb blockade 
regime (16). We additionally point out some 
similarities with quasiparticle correlations in- 
duced by Andreev reflections that take place at 
the interface between a normal metal and a 
superconductor (2). These correlations can be 
created nonlocally, through the so-called crossed 
Andreev reflection involving an electron and a 
hole separated by at most the superconducting 
coherence length. 

We demonstrate the high-fidelity replica- 
tion of the quantum state of electrons across 
a metallic island through quantum interfer- 
ences. For this purpose, an injected current is 
first split along two separate paths that are 
subsequently recombined, thereby realizing an 
electronic Mach-Zehnder interferometer (MZI). 


contact with the buried 2D electron gas. One of the two MZI outputs is the central small ohmic contact (light 
brown, in left half) connected to ground through a suspended bridge. The second one, larger and located farther 
away, is schematically represented by the top white circle. The MZI phase difference is controlled through B 

or the plunger gate voltage V,). The red dashed line visually represents the nonlocal quantum state transfer across 
the island, between electrons’ injection (starting point) and emission (arrow). 
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In contrast with usual MZI implementations 
(17-21), one of the paths can controllably be 
diverted toward a small floating metallic island 
(Fig. 1). In that case, any two-path quantum 
interferences involve both the initial electrons 
(direct left path) and the reemitted ones (in- 
terrupted right path, assuming a perfect con- 
tact with the island). Therefore high-visibility 
interferences directly ascertain a high fidelity 
of the electron state replication. The Coulomb 
interaction was previously invoked to account 
for various observations in electron interfer- 
ometers, such as the multiple side lobes versus 
voltage bias in (22) or the phase rigidity versus 
magnetic field in (23). 

A colorized e-beam micrograph of the mea- 
sured device is shown in Fig. 1. The sample 
was nanofabricated from a high-mobility 
Ga(Al)As two-dimensional electron gas (2DEG) 
and immersed in a perpendicular magnetic 
fieldB ~ 5 T corresponding to the integer quan- 
tum Hall filling factor v = 2, where the elec- 
tron quantum coherence length is the largest 
(8, 19, 21). In this regime, two quantum Hall 
channels copropagate along the edges (the 
electron gas was etched away in the brighter 
areas), and the MZI is formed using only the 
outer edge channel. The followed paths are 
represented by thick lines with arrows for 
the configuration where one MZI arm goes 
through the floating metallic island (corre- 
sponding schematic shown in Fig. 2B). The 
two MZI beam splitters, each tuned to half 
transmission, are realized with quantum 
point contacts formed by field effect using 
split gates (colored green; the inner quantum 
Hall channel, not shown, is fully reflected). 
One of the two MZI outputs is the small 
central metallic electrode (light brown, in 
left half of Fig. 1), which is grounded through a 
suspended bridge. The quantum interferences 
are characterized by the oscillations of the 
current transmitted to the second MZI output 
formed by a much larger electrode 60 um 
away (represented in Fig. 1 by the top white 
circle), while sweeping either the magnetic 
field B or the voltage V,) applied to a lateral 
plunger gate (purple). The floating metallic 
island (sand yellow, in right half of Fig. 1) 
consists of 2 um? of a gold-germanium-nickel 
alloy diffused into the Ga(Al)As heterojunction 
by thermal annealing. The typical metallic den- 
sity of states of such metals is vp ~ 10“ J-' m~? 
(1.14 x 10*” for gold, the main constituent), 
corresponding to a very small average elec- 
tronic level spacing in the island of 5 ~ 30 peV. 
The dwell (wandering) time of individual 
electrons within this island is given by the 
expression tp = fs x a us, where his the Planck 
constant and N is the number of connected 
edge channels (7). As pointed out in the intro- 
duction, this is much longer than the quantum 
coherence time of electrons in similar metals, 
which is at most in the 20-ns range (3, 24). The 
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gates barring the broad way on each side of 
the floating island (blue) are normally tuned 
to either fully reflect or fully transmit the outer 
edge channel, in order to implement the MZI 
configurations schematically represented in 
Fig. 2, A to C. The second (inner) quantum 
Hall edge channel is always completely ref- 
lected at the barring gate (fig. S1) and can 
therefore be ignored (5). The island charging 
energy Ec ~ kg x 0.3K was obtained from 
standard Coulomb diamond measurements [in 
a specifically tuned tunnel regime; see Fig. 3B 
and (25)]. At the experimental electronic tem- 
perature T ~ 10 mK [measured on-chip from 
shot noise (26)], the criterion kpT « Ec for 
fully developed Coulomb-induced correlations 
is therefore well verified. The previous experi- 
ments were performed in the opposite “high- 
temperature” regime kgT > Ec of negligible 
Coulomb correlations, in which case, unsur- 
prisingly, a complete quantum decoherence 
(27) and energy relaxation (28) of electrons 
were observed with a single connected chan- 
nel. Finally, the transparency of the contact 
between the floating island and the outer 
quantum Hall edge channel plays an essential 
role: If the transparency is poor, many elec- 
trons would simply be reflected at the inter- 
face. Here, 297% of the incoming current 
penetrates into the floating island (25), which 
is also reflected by the marked changes of 
behavior detailed later. 


Fig. 2. Quantum 
oscillations versus 
magnetic field. (A to 
C) Schematics of imple- 
mented MZI configura- 
tions. (D) Fraction tz; 
of the outer edge 
channel current 


In Fig. 2D, we show typical MZI oscillations 
versus B of tyz1, the fraction of outer edge 
channel current transmitted across the device. 
The measurements were performed in the 
three configurations depicted in Fig. 2, A to C. 
The red continuous line in Fig. 2D corre- 
sponds to a standard electronic MZI, with the 
floating metallic island bypassed (schematic in 
Fig. 2A). In that case, the oscillations are of 
high visibility V = (cB — oR) /( xR + cB) = 
90% and, as expected for the Aharonov-Bohm 
phase, the magnetic field period of 241 + 3 uT 
(red symbols in Fig. 2E show consecutive extrema 
positions) closely corresponds to one flux quan- 
tum (241 uT x S ~ 0.98h/e using the nomi- 
nal area S ~ 16.8 m7). A small asymmetry in 
the tyyz; data (the average is slightly above 0.5) 
results from a small reflection of the outer 
edge channel on the grounded central ohmic 
contact [of ~5%; see (25)]. The black con- 
tinuous line in Fig. 2D was measured with 
the right MZI arm deviated to go through the 
floating ohmic island (edge channel paths dis- 
played in Fig. 1, and schematic in Fig. 2B). We 
observe first that the visibility of quantum 
interference remains of the same high ampli- 
tude, which corresponds to a perfect fidelity 
(at experimental accuracy) of the replicated 
quantum states imprinted on the electrons 
reemitted from the island, in agreement with 
low-temperature predictions (4, 5). Second, the 
magnetic field period of 305 + 4 uT is found 


transmitted across 

the MZI as a function 
of B. Continuous lines 
are measurements 
performed in the 
configuration framed 

by a box of the same 
color in (A), (B), and 
(C). The horizontal black 
dashed lines represent 
the tyz, extrema for the 
standard and floating 
island MZI configurations 
[schematics in (A) and 


(B), respectively], 0.0 
corresponding to a high 
quantum oscillations 


L 
5.008 


10 20 30 40 
index 


Ei 
5.009 ° 
B(T) 


visibility of Y ~ 90%. With a second channel connected to the floating island (configuration shown Fig. 2C), the 
quantum oscillations are strongly reduced to a visibility V ~ 20%, consistent with the separately characterized 
small residual reflection of ~3% [see text and (25)], and the average tyz, is diminished as part of the current is 
transmitted across the island toward a remote electrical ground. (E) Symbols display the magnetic field position 
of consecutive extrema (both peaks and dips increment the index number). 
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Fig. 3. Quantum phase 
versus island charge. 
(A) Color plot of 

tzi(B, Vpi) in the floating 
island MZI configuration 
(schematic in Fig. 2B), 
with the larger values 
shown brighter, which 
establishes the 
equivalent role of B 

and V,. (B) Coulomb 
diamond characterization 
of the floating island 
(larger differential con- 
ductance tse; shown 
brighter; in this con- 
figuration, the island is 
weakly coupled on both 
sides and Va. is the 
applied dc bias voltage). 
A comparison with (A), 
plotted using the same 
Vp scale, reveals that 
the addition of a charge 
of e on the island 


0 10 
Vi (mV) 


precisely corresponds, in the floating island MZI configuration, to an electron quantum phase of 2x 
(one quantum oscillation period). (C) The top and bottom panels display measurements of tzi(Vpi) 
with the device set in the floating island MZI configuration (black line) and in the standard MZI 
configuration (red line, schematic in Fig. 2A). The MZI oscillations’ period in V,, is shorter by a factor 
of 1/160 when the island is connected. An additional modulation of fixed period (=15 mV) appears 


in both configurations. 


to be larger than in the standard MZI configu- 
ration of Fig. 2A (see black symbols in Fig. 2E). 
This increase is opposite to the reduction that 
would be expected from the Aharonov-Bohm 
period with the larger surface enclosed by the 
outer channel path and the inner boundary 
of the floating metallic island [see (25) for a 
graphical representation; S ~ 18.4 um? would 
correspond to an Aharonov-Bohm period of 
225 uT ~ h/eS]. Such opposite evolution and 
relatively important discrepancy (36%) es- 
tablish that the MZI phase does not reduce 
to the usual Aharonov-Bohm phase acquired 
by a single electron propagating along two 
different edge paths. Even a naive applica- 
tion of the surface modulation that cancels 
the magnetic field dependence in Fabry-Pérot 
interferometers dominated by Coulomb in- 
teraction (29, 30) would only compensate 
for the period reduction by the added area 
enclosed between the metallic island and 
the barring gate. Instead, the larger period 
corroborates the transfer of the electrons’ 
state across the island. Indeed, in the pres- 
ence of an electron path amputated from a 
section (the 2DEG/metal interface), the closed 
surface involved in the Aharonov-Bohm phase 
is no longer well-defined. Whether one can 
still speak of an Aharonov-Bohm phase with a 
smaller effective surface, or whether another 
period reduction mechanism is at play when 
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going through the floating island, is not estab- 
lished. This question calls for further investi- 
gations, both theoretical and experimental, 
with devices implementing different injection- 
emission distances. 

The blue continuous line in Fig. 2D was mea- 
sured with one MZI arm going through the 
floating island and in the presence of a second 
electronic channel connected to it (configura- 
tion schematically displayed in Fig. 2C). We 
find strongly suppressed conductance oscilla- 
tions corresponding to a full decoherence of 
the electrons going through the island. The 
residual visibility V < 0.2 is consistent with the 
separately obtained proportion 1 — Tiglang S$ 3% 
of reflected electrons, not penetrating into the 
island (25). Indeed, the MZI contribution of 
the reflected electrons reads V(1— Tisana < 1) ~ 
(42) /1 = tisana $ 0.21, with Vo ~ 90% the MZI 
visibility in the standard configuration (25, 27). 
The magnetic field period of 246 + 4 uT for 
these smaller oscillations [see blue symbols 
in Fig. 2E; a standard fast Fourier transform 
analysis of these residual oscillations yields 
the less resolved value 237 + 16 uT (25)] is 9% 
longer than the 225 uT nominally expected, 
and is close to the period observed in the 
standard MZI configuration shown in Fig. 
2A. It is plausible that the reflected elec- 
trons are those propagating the furthest away 
from the edge and from the semiconductor- 
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metal interface, effectively corresponding to 
a smaller surface compatible with the ob- 
served longer period. Other possibilities in- 
clude that the residual electrons’ reflection 
takes place at the level of the barring gate 
(colored blue, left of island in Fig. 1) or, even- 
tually, a Coulomb-induced compensation in 
the spirit of Coulomb dominated Fabry-Pérot 
interferometers (29, 30). Also, the average 
(tuzt) ~ 0.39 is shifted below 0.5. This is 
simply because part of the injected current is 
evacuated toward a remote electrical ground 
through the second (right) channel connected 
to the floating island (the value (tz1) = 0.375 
is expected from current conservation for a 
floating island and a central ohmic contact 
both perfectly connected). 

We now investigate the relation between 
the island’s charge and the electron phase shift 
associated with the quantum state transfer. 
For this purpose, Fig. 3 focuses on the in- 
fluence on tyz; of the voltage V,) applied to a 
plunger gate (colored purple in Fig. 1), which 
is relatively far from the MZI outer quantum 
Hall channel but close to the island. The equiv- 
alent role on the MZI phase of V,) and B is first 
directly established, in Fig. 3A, with the device 
set in the floating island MZI configuration 
[schematic in Fig. 2B, see also, e.g., (31, 32) for 
the influence of an electrostatic field on quan- 
tum interferences through different mecha- 
nisms]. Figure 3B displays Coulomb diamond 
measurements of the conductance across the 
island as a function of the same plunger gate 
voltage V,. For this purpose, the island is 
here weakly connected through tunnel barriers, 
thereby implementing a single-electron tran- 
sistor of quantized charge Q in units of e (Q is 
not quantized for the strongly coupled floating 
island in the MZI configurations). The left 
MZI arm was disconnected during this mea- 
surement, as schematically illustrated in fig. 
$2 (25). Notably, the MZI gate voltage period 
in Fig. 3A precisely matches the Coulomb 
diamonds’ period in Fig. 3B, as can be seen 
by directly comparing the two panels plotted 
using the same V,) scale. In the floating MZI 
limit of strongly connected channels, Q = 
eV» /A, with A ~ 1.7 mV being the Coulomb 
diamond period (11-13). A quantum phase 
shift of 2tQ/e therefore applies to the trans- 
ferred electrons, as specifically predicted the- 
oretically (4, 5) and in agreement with Friedel’s 
sum rule. Figure 3C shows a comparison of 
tz Oscillations in the standard MZI config- 
uration (red line) and with one arm going 
through the metallic island (black line); both 
have maximum visibility V ~ 90% as also seen 
versus magnetic field in Fig. 2D. However, 
the V, period is increased by a large factor of 
160, from 1.7 to 270 mV, when the island is 
disconnected; this reflects the weak cou- 
pling of the plunger gate voltage to the MZI 
outer edge channel [see fig. S3 (25) for an 
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extended V,) range]. This provides further 
evidence that the edge electrons contributing 
to the quantum oscillations in the floating 
island configuration are indeed incorporated 
into the metal. An additional, smaller sig- 
nal of fixed period 15 mV is visible in both 
configurations (in the form of direct oscilla- 
tions or of an amplitude modulation), which 
might originate from the progressive charging 
of a nearby defect. 

This experimental work demonstrates that 
the Coulomb interaction has two facets. It can 
both destroy and preserve quantum effects. 
Although a metallic island is often pictured as 
a floating reservoir of uncorrelated electrons 
(8, 33), we establish that a high-fidelity elec- 
tron quantum state transfer can take place 
across it, enforced by the Coulomb charging 
energy. This provides a means to overcome 
limitations imposed by the decoherence of 
individual electrons. Moreover, the observed 
universal 2x electron phase shift for one elem- 
entary charge e on the island can allow for a 
strong entanglement of single-electron states, 
both between themselves or with other quan- 
tum degrees of freedom, with a negligible 
loss of coherence. Such controllable, strong- 
coupling mechanism constitutes a key ele- 
ment in the context of quantum Hall edges 
envisioned as platforms for the manipulation 
and transfer of quantum information via pro- 
pagating electrons (21, 34-39). In particular, it 
is very well suited to implementing quantum 
gates for these “flying qubits,” such as the 
CNOT proposal involving a conditional phase 
shift of x described in (38). 
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Adult cancers often arise from premalignant clonal expansions. Whether the same is true of childhood 
tumors has been unclear. To investigate whether Wilms tumor (nephroblastoma; a childhood kidney 
cancer) develops from a premalignant background, we examined the phylogenetic relationship between 
tumors and corresponding normal tissues. In 14 of 23 cases studied (61%), we found premalignant 
clonal expansions in morphologically normal kidney tissues that preceded tumor development. These 
clonal expansions were defined by somatic mutations shared between tumor and normal tissues but 
absent from blood cells. We also found hypermethylation of the H19 locus, a known driver of Wilms 
tumor development, in 58% of the expansions. Phylogenetic analyses of bilateral tumors indicated that 
clonal expansions can evolve before the divergence of left and right kidney primordia. These findings 
reveal embryonal precursors from which unilateral and multifocal cancers develop. 


dult cancers typically arise as a conse- 

quence of aging and mutagen exposure, 

at times through the generation of pre- 

cancerous clonal expansions. Examples 

of these precancerous states include 
Barrett’s esophagus, clonal hematopoiesis, 
and colonic polyps. It is unknown whether 
childhood tumors, which are thought to result 
from aberrant fetal development, likewise 
arise from precancerous clonal expansions 
(Fig. 1A). To address this question, we studied 
Wilms tumor (nephroblastoma), the most 
common kidney cancer of childhood. Wilms 
tumor is a prototypical embryonal malignancy 
of infants and young children (J). It arises 
from abnormal fetal nephrogenesis, which it 
resembles morphologically (7) and transcrip- 
tionally (2). It occurs sporadically or in the 
context of bilateral tumors, multifocal lesions, 
urogenital developmental disorders, or over- 
growth syndromes (J). 
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To identify potential precursors of Wilms 
tumor, we used somatic mutations to infer the 
phylogenetic relationship between cancers 
and corresponding normal tissues (kidney and 
blood). We analyzed 229 whole-genome se- 
quences of 54 individuals: 23 children with 
Wilms tumor, 16 parents of affected children, 
three children with other types of kidney 
cancer (congenital mesoblastic nephroma, 
malignant rhabdoid tumor), 10 adults with 
clear cell renal cell carcinoma (ccRCC), and 
two adults without renal tumors (one kidney 
transplant patient and one kidney obtained 
at autopsy; table S1). We called base sub- 
stitutions against the reference human ge- 
nome and extracted mosaic mutations from 
each set of donor-related tissues. We vali- 
dated the method for calling mosaic muta- 
tions by sequencing parental germline DNA, 
resequencing tissues, and inspecting raw 
data (fig. $1). On the basis of the variant 
allele frequency (VAF) and distribution of 
mutations across related tissues, we built 
phylogenetic trees of tumor development. We 
supplemented DNA data with analyses of 
RNA sequences and genome-wide methy]l- 
ation patterns (table S1). 

Our discovery cohort consisted of three chil- 
dren with unilateral Wilms tumor. We sampled 
tumors, blood, and histologically normal kid- 
ney tissues from the same individuals (table S1 
and fig. $2). As expected, whole-genome se- 
quences revealed mosaic mutations attributa- 
ble to the first cell divisions of the fertilized egg 
(fig. S3 and table S2) (3, 4). In two cases, we also 
detected mosaic mutations in normal kidneys 
that were present in the corresponding cancer 
but absent from blood (Fig. 1, B to D, and table 
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$2), indicating that the tumors had arisen from 
that particular normal kidney tissue. 

Several features of these mutations showed 
that they defined clonal expansions in normal 
kidney tissue, as illustrated by patient PD37272 
(Fig. 1, B to D). The VAFs of mutations in the 
normal tissue of this kidney, variants 3 to 5 
(Fig. 1C), were as high as 44%, which suggested 
that the mutation was present in 88% of all 
cells in the biopsy. Mutations 3 to 5 were pre- 
sent in the two parenchymal biopsies (i.e., cor- 
tex and medulla) but were absent from blood 
cell DNA, deeply sequenced to 106x genome- 
wide (fig. S4). Similarly, mutations 3 to 5 were 
undetectable in renal pelvis, which is embry- 
ologically derived from a different lineage 
than kidney parenchyma (5). Furthermore, 
the VAF of early embryonic mutations, var- 
iants 1 and 2, was inflated in parenchyma and 
in tumors (Fig. 1D). Such inflation of early em- 
bryonic mutations is a feature of tissues that 
contain a clonal expansion of a single cell (fig. 
83). By contrast, in tissues devoid of a major 
clone, such as renal pelvis and blood, the VAFs 
of early embryonic mutations were not inflated 
(Fig. 1D). Thus, these normal tissue variants 3 
to 5 demonstrate the presence of clonal ex- 
pansions within kidney parenchyma, which 
we termed clonal nephrogenesis, accounting 
for up to 88% of cells sampled in the cortex. 

To further study and validate our discovery 
of clonal nephrogenesis as an antecedent of 
Wilms tumor, we studied another 20 cases: 
15 unilateral tumors with normal tissue biop- 
sies curated through a British childhood 
renal tumor study (IMPORT), four cases of 
bilateral Wilms tumor, and one tumor with 
10 normal tissue biopsies (table S1 and fig. 
S5). Within the entire group of 23 children 
(discovery and validation cohorts), we found 
evidence of clonal nephrogenesis in 10 of 19 
children with unilateral disease (53%) and in 
all four children with bilateral cancers (Fig. 2, 
A and B). The presence of clonal nephrogenesis 
was further substantiated by the significant 
(P < 0.01, Wilcoxon signed-rank test) inflation 
of VAFs of early embryonic variants (fig. S6). 
There were no copy number changes detected 
in normal tissues by three different methods. 

Conceivably these findings could be due to 
tumor infiltration into normal tissue not visible 
histologically (fig. S2) or to cross-contamination 
of DNAs. This explanation is implausible, as 
contamination would manifest as shared var- 
jants at a low VAF, rather than select mutations 
at a high VAF. We statistically excluded the 
possible contribution of tumor infiltration and 
contamination by using a binomial mixture 
model on the observed base counts of tumor 
mutations in the normal samples (fig. S7). 

Next, we investigated whether clonal nephro- 
genesis represents the normal clonal architecture 
of human nephrons by three approaches. 
First, using laser capture microscopy (LCM), 
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we excised glomeruli (7 = 7) and proximal and 
distal tubules (nm = 15) from the kidneys of 
three individuals (Fig. 2, C and D). We sub- 
jected these LCM cuts to whole-genome se- 
quencing using an established method for 
generating low-input DNA libraries (6, 7). 
Kidney tissues were obtained at autopsy (one 
case) or from normal portions of kidneys af- 
fected elsewhere by ccRCC (two cases). Our 
analysis of somatic mutations across these 
LCM cuts revealed a VAF distribution (Fig. 2E) 
that is inconsistent with the monoclonal orga- 
nization seen, for example, in endometrial 
glands or colonic crypts (6, 7). Second, we as- 
sessed whether mutations were commonly 
shared between renal tumors and surround- 
ing normal kidney tissue. We studied child- 
hood congenital mesoblastic nephroma (two 
tumors and six normal kidney samples), child- 
hood malignant rhabdoid tumor (one cancer 
and one normal kidney sample), and adult 
ccRCC (eight cancers, including one bilateral 
case, and 15 normal tissues). Applying the 
same analysis pipeline, we identified early 
embryonic mutations shared between tumor, 
normal kidney tissues, and blood (fig. S8). 
However, we did not find mutations shared 
only between tumor and normal tissue (Fig. 
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2B); this finding shows that such mutations 
were specific to, and enriched in, Wilms tumor 
(P < 0.001, Fisher exact test). Of particular rel- 
evance were renal cell carcinomas, which, like 
Wilms tumor, are derived from nephrons. If 
normal embryological clonal dynamics typi- 
cally had generated clonal expansions, we 
would have expected to find clonal nephro- 
genesis in ccRCC cases. Third, we examined 
all developmental mutations of normal kidney 
tissues listed thus far, supplemented by an 
additional 18 biopsies obtained from bilateral 
kidneys that had been declined for transplan- 
tation (Fig. 2B). We analyzed somatic mutations 
present in kidney tissue and absent from non- 
renal tissue, irrespective of whether they were 
shared with tumors. Collectively, these analyses 
of 77 normal kidney biopsies revealed that var- 
iants of tissues without clonal nephrogenesis 
have a significantly lower VAF distribution than 
clonal nephrogenesis mutations (P < 0.001, 
Wilcoxon rank-sum test; Fig. 2B). Taken to- 
gether, these results indicate that clonal nephro- 
genesis represents aberrant kidney development. 

A central question raised by our findings is 
whether cancer-causing (driver) events under- 
pin clonal nephrogenesis. Notably, the clonal 
nephrogenesis mutations (n = 66) (table S2 
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and fig. S8) were noncoding (64 of 66) or did 
not generate plausible oncogenic events. We 
searched further for driver events among 
germline and somatic DNA mutations, in 
transcriptomes, and, where available, in meth- 
ylation patterns. We found hypermethylation 
of the H79 locus in 7 of 12 (58%) normal kidney 
tissues with clonal nephrogenesis. In contrast, 
we did not detect it in normal kidney tissues 
without clonal nephrogenesis or in blood (Fig. 
2, A and F), except for the blood of a child 
(PD40738) with Beckwith-Wiedemann syn- 
drome (fig. S9). H79 hypermethylation is an 
established driver event in the pathogenesis 
of Wilms tumor and is thought to operate by 
disrupting the epigenetic regulation of growth- 
promoting genes that reside on chromosome 
llp15 (8-10). The degree of hypermethylation 
of H19 correlated with the VAF of clonal neph- 
rogenesis, indicating that hypermethylation 
pervaded the entire clone (Fig. 2G). In the five 
wild-type samples, hypermethylation of H19 
may therefore have evaded detection because 
of a small clone size (Fig. 2A). We also studied 
the KvDMR1 locus on chromosome 11p15.5 
and determined that its methylation state was 
unchanged in clonal nephrogenesis. Hypo- 
methylation of KvVDMR1 underlies overgrowth 
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Fig. 2. Clonal nephrogenesis and A 


H19 hypermethylation. (A) Sizes of 
nephrogenic clones, as predicted by twice 
the VAF of the most prominent nephro- 
genic mutation, alongside corresponding 
methylation values of the H19 locus. Green 
symbols indicate significant deviation 

(P < 0.05, Wilcoxon rank-sum test) from 
the background methylation distribution 
(gray shaded area) as obtained from 
normal kidney samples without clonal 
nephrogenesis. N/A, no methylation data 
available. (B) Mutations present in samples 
obtained from normal kidneys but absent 
in matched blood. Only in Wilms tumor 
were some of these mutations shared with 
the corresponding tumor. In the presence 
of clonal nephrogenesis, the VAF distribution 
of these mutations was significantly 
elevated (***P < 0.001, Wilcoxon rank- 


sum test). (C) Histology images showing Cc 


components (arrowheads) of the human 
nephron excised by laser capture micros- 
copy. Scale bar, 250 um. (D) VAF simu- 
lations to derive expected distributions 
depending on clonality of a tissue: mono- 
clonal origin (~Bin(n~Pois(cov), P = 0.5)), 
oligoclonal origin (~Bin(n~Pois(cov), 

P = 0.3)), or polyclonal origin 
(~Bin(n~Pois(cov), P = 0.1)), where 

cov = coverage = 40x. (E) VAF distribu- 


tions for 22 microdissected samples D 


(10 proximal tubules, five distal tubules, 
seven glomeruli) from three patients, one 
rapid autopsy donor, and two ccRCC 
patients. Color indicates the underlying 
maximum likelihood VAF as predicted by a 
truncated binomial mixture model. (F) Group- 
level methylation beta values of H19 

(*P < 0.05, Wilcoxon rank-sum test). 

(G) Relationship between predicted clone 
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syndromes that confer only a minimal predis- 
position to Wilms tumor (7). We did not find 
any further driver events accounting for clo- 
nal nephrogenesis, despite re-interrogation by 
exome sequencing of 15 of 17 tissues with clo- 
nal nephrogenesis. Gene expression profiles, 
including fetal transcripts, did not differ be- 
tween normal renal tissues that displayed or 
did not display clonal nephrogenesis (fig. S9). 
Similarly, global methylation patterns did not 
differ between these two groups (fig. S9). 
The timing of the emergence of clonal neph- 
rogenesis during development could be defined 
in three children from whom we obtained 
bilateral tumors. In patients PD40735 and 
PD36159, left and right tumors were derived 
from the same trunk of clonal nephrogenesis 
(Fig. 3, A to D). In the third patient, PD40378, 
all five left tumors, but not the right neo- 
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plasms, were related to clonal nephrogenesis 
on the left (Fig. 3E). These findings indicate 
that in two children with bilateral cancers, 
clonal nephrogenesis must have arisen before 
left and right kidney primordia diverged, early 
in embryogenesis (5). For unilateral tumors, 
the timing of the occurrence of clonal nephro- 
genesis remains unclear. It may have evolved 
before the kidney was formed or thereafter, 
followed by a “clonal sweep” of clonal nephro- 
genesis replacing kidney tissue. 

In five cases, we sampled multiple neoplasms 
of the same kidney, which revealed two con- 
figurations of tumor development (Fig. 3). 
Tumors either were derived from a shared 
trunk that had emerged from clonal nephro- 
genesis (Fig. 3, A to E) or arose independently 
and successively from clonal nephrogenesis, 


which suggests a sustained potential for the 
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latter to spawn tumors (Fig. 3, F and G). For 
example, patient PD36165 presented with 
two lesions at opposing poles of the kidney: 
anephrogenic rest and a Wilms tumor. Cancer 
and the nephrogenic rest had emerged from 
the same ancestral clone at different time 
points, followed by clonal diversification with- 
in each (Fig. 3G). 

Finally, we compared the genetic alter- 
ations in Wilms tumor with and without clo- 
nal nephrogenesis. This revealed a near-mutual 
exclusivity of loss of heterozygosity (LOH) of 
chromosome 11p15 and clonal nephrogenesis. 
In tumors with clonal nephrogenesis, LOH of 
11p15 was mostly absent (P = 0.009, Fisher 
exact test) (fig. S10). This suggests that there 
may be two distinct pathways for the patho- 
genesis of Wilms tumor that both involve 
dysregulation of 11p15 genes as a driver (Fig. 
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Fig. 3. Phylogenies of bilateral and multifocal 
Wilms tumor. (A, C, E, and G) For each tumor, 
the phylogeny of shared mutations is shown 
including de novo germline mutations, embryonic 
mutations, mutations demarcating clonal neph- 
rogenesis, and tumor mutations. Numbers refer 
to the number of substitutions defining each 
developmental trunk. Truncal driver events are 
detailed. (B) Heat map showing the contribution 
of a mutation to the sample PD40735 shown in 
(A). The pattern of shared mutations reveals a 
split between 

left and right kidney, which is obeyed 

by both tumor and normal samples. 

(D) As revealed by the pattern of shared 
mutations, in patient PD36159 the left 

tumor is more closely related to the right branch 
of clonal nephrogenesis than to 

the left branch. (F) Two mutations indicate the 
independent emergence of tumors 

at different time points from the nephrogenic 
clone in patient PD40641. As shown in (G), 
tumor and nephrogenic rest in patient PD36165 
both originated from clonal 

nephrogenesis despite being situated 

at opposing kidney poles. 


1A). Accordingly, cancers may arise either di- 
rectly in isolation through LOH of 11p15, or 
indirectly via clonal nephrogenesis with per- 
turbation of 11p15 by hypermethylation of H79. 

Our findings show that clonal expansions in 
histologically normal tissue are an atypical out- 
come of renal development that commonly an- 
tedates Wilms tumor. We demonstrated a direct 
phylogenetic link between clonal expansions, 
H19 hypermethylation, and the formation of 
cancer, thus identifying clonal nephrogenesis 
as an epigenetic progenitor of cancer compris- 
ing “neoplasia-ready cells” (12). In contrast to 
precursors of adult cancer, clonal nephrogene- 
sis generated histologically and functionally 
normal tissues, which in the most pronounced 
cases occupied the bulk of renal tissues. If 
future work shows that the extent of clonal 
nephrogenesis is a marker of malignant po- 
tential and risk of cancer recurrence, this in- 
formation potentially could be used to guide 
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treatment and surveillance of patients with 
Wilms tumor. Moreover, if we were able to 
manipulate the neoplastic potential of clonal 
nephrogenesis, prevention of Wilms tumor 
could become feasible. Collectively, our findings 
portray Wilms tumor as an insurrection on the 
background of a premalignant tissue bed, rather 
than a clearly demarcated neoplasm in an other- 
wise normal polyclonal kidney. We speculate 
that embryonal clonal expansions, perhaps also 
driven by epigenetic mechanisms, may be a 
common phenomenon in childhood cancer. 
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Functional diversity of human intrinsically 
photosensitive retinal ganglion cells 


Ludovic S. Mure**, Frans Vinberg’, Anne Hanneken®, Satchidananda Panda‘* 


Intrinsically photosensitive retinal ganglion cells (ipRGCs) are a subset of cells that participate in image- 
forming and non-image-forming visual responses. Although both functional and morphological subtypes 
of ipRGCs have been described in rodents, parallel functional subtypes have not been identified in 
primate or human retinas. In this study, we used a human organ donor preparation method to measure 
human ipRGCs’ photoresponses. We discovered three functional ipRGC subtypes with distinct sensitivities 
and responses to light. The response of one ipRGC subtype appeared to depend on exogenous chromophore 
supply, and this response is conserved in both human and mouse retinas. Rods and cones also provided 


input to ipRGCs; however, each subtype integrated outer retina light signals in a distinct fashion. 


n mammals, intrinsically photosensitive 
retinal ganglion cells (ipRGCs) are a sub- 
set of retinal ganglion cells that express 
the photopigment melanopsin, which ren- 
ders them intrinsically photosensitive. These 
cells participate in a set of light responses 
that include circadian entrainment, pupillary 
light reflex (PLR), and the modulation of 
sleep or alertness and mood as well as some 
aspects of vision (7). In rodents, six different 
morphological and at least three functional 


ipRGC types have been described (2-4). In 


Fig. 1. A subset of human RGCs is 
intrinsically photosensitive. 

(A) Representative individual ipRGC 
spike trains to a 30-s light pulse 
(~10'8 photons/cm* per second, 

470 nm) from five different human 
donors. (B) Average ipRGCs’ response 
latency, duration, and amplitude in 
each donor (n = 7, 15, 4, and 15 for 
donors 1, 2, 3, and 5, respectively, 
where nr is the number of cells). 
Representative individual ipRGCs spike 
trains (C) and average responses (D) to 
three identical 30-s light pulses 

(~10'° photons/cm? per second, 

470 nm) from a control recording 

[n = 3; upper panel in (C), white 
histogram in (D)] or a recording with 


Donor 1 


100) ; 
opsinamide (n = 9; lower panel in (C), = | 
& 50 l 


red histogram in (D)] during the 

second stimulation [***P < 0.001, 0° 
**P < 0.01, ANOVA (analysis of 
variance), Bonferroni post hoc test, 
one donor]. (E) Responses of ipRGCs 
stimulated for 30 s at different 
irradiances (from 2 x 10" to 2 x 

10 photons/cm®per second, 470 nm) 
in each donor (n = 7, 14, 4, and 

15 for donors 1, 2, 3, and 5, respec- 
tively). ph, photons. Blue bars and 
blue background in (A) and (C) 
indicate light pulses. 
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addition to intrinsic photosensitivity, the 
ipRGCs also mediate rod- and cone-initiated 
photoresponses, which expand the range of 
sensitivity for ipRGCs to dim light. Melanopsin 
is also found in the human retina (5), where it 
is responsible for the suppression of nocturnal 
melatonin and PLR (table S1). However, there 
is no report of previous direct assessment of 
ipRGC function in humans. 

To assess the intrinsic photoresponses 
of human RGCs, we performed extracellular 
electrophysiological recordings of freshly har- 


Cc Reference 


vested human retinas from five donors (three 
females, two males, 57.2 + 8.8 years old; table 
$2). Small pieces of retina were placed on a 
multielectrode array, and the recording me- 
dium was supplemented with synaptic block- 
ers to block excitatory rod and cone input to 
RGCs. In response to a 30-s pulse of mono- 
chromatic blue light (470 nm), photorespon- 
sive cells were found in retinas from each of 
the five donors (Fig. 1A). Intrinsic responses 
to light were slow, sustained over the 30-s 
stimulation, and outlasted the stimulus by 
several seconds after the light was switched 
off (Fig. 1, A and B, and fig. S1A). 

For each retina sample, we identified photo- 
responsive cells at an average density of 
2.47 cells/mm? (fig. S1B), close to the lower 
range of the reported density of melanopsin- 
immunopositive RGCs in human retinas (from 
~3 to 40 cells/mm?) (6-9). Furthermore, in- 
trinsic photoresponses from the retinas were 
reversibly inhibited by opsinamide (AA92593), 
a specific inhibitor of melanopsin (10) (Fig. 1, C 
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Fig. 2. Human ipRGCs display 
different subtypes. (A) Representative 
responses from type 1, 2, and 

3 ipRGCs to increasing irradiance 

light pulses [30 s, 470 nm, irradiances 
(irr) 1, 2, 3, and 4: 2.9 x 10", 3.5 x 
10%, 2 x 10%, and 2 x 10" photons/cm* 
per second, respectively]. Blue bars indi- 
cate light pulses. (B) Corresponding 
dose-response curves (type 1, n = 24, 
four donors; type 2, n = 18, four 

donors; type 3, n = 79, one donor). 
Error bars indicate SEM. (C) Representa- 
tive raster plots of type 1 and 

2 ipRGCs and average traces in 
response to 10-min light stimulations 
(~2 x 10 photons/cm? per second, 
470 nm; type 1, n = 5, and type 2, 

n = 3). (D) Principal components 

of the ipRGCs’ response parameters 
(sensitivity, latency, and duration; 

n = 121, four donors). 


and D), supporting the notion that the intrinsic 
photosensitivity is mediated by melanopsin. 

Next, we tested whether human ipRGCs, like 
their rodent counterparts, can sustain photo- 
responses under prolonged illumination (//, 72). 
In response to a 10- or 20-min illumination, all 
ipRGCs responded for several minutes (fig. SIC), 
whereas 40 and 28% of ipRGCs sustained re- 
sponses to the entire 10 or 20 min of light, 
respectively. 

To assess human ipRGCs’ sensitivity, we 
stimulated the retinas for 30 s at increasing 
irradiances and found similar profiles of sen- 
sitivity among donors (Fig. 1E). The ipRGC 
responses were rarely detectable at 2 x 10” 
photons/cm? per second, and half-saturation 
sensitivities were recorded between 10” and 
10” photons/cm? per second. Altogether, the 
response characteristics of human ipRGCs— 
low sensitivity, slow activation, sustained re- 
sponse during light stimulation, and delayed 
deactivation—were similar to those seen in the 
mouse (13), Arvicanthis (14), and nonhuman 
primate cells (5). 

In mice, six subtypes of ipRGCs (M1 to M6) 
have been described on the basis of their mor- 
phologies, levels of expression of melanopsin, 
connectivity patterns, and photoresponses 
(2, 16). Response sensitivity (Fig. 1E) seemed 
to delineate at least two different types of 
human ipRGCs. Principal components anal- 
ysis (PCA) of response parameters (sensi- 
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tivity, latency, and duration) showed that, 
independent of the donor, ipRGC responses 
tended to cluster into two groups, which we 
called type 1 and type 2 ipRGCs (Fig. 2A and 
fig. S2, A to C). 

Type 1 ipRGCs were more sensitive to light, 
with a half-maximal response at ~2 x 10” 
photons/cm? per second and a sustained light 
response that lasted 47 + 10.9 s after a 30 s 
pulse of light (2.1 x 10'* photons/cm? per 
second) was turned off (Fig. 2B and fig. S2D). 
Type 2 ipRGCs were less sensitive, with a half- 
maximal response at ~1 x 10’? photons/cm? 
per second, and response termination 23.9 + 
10.7 s after lights were turned off (Fig. 2B and 
fig. S2D). At lower irradiance levels, type 2 
ipRGCs exhibited a longer response latency 
to the test light pulse (fig. S2D). Overall, type 1 
responses were recorded 50% more frequently 
than type 2 responses (1.6 + 0.3 versus 1.1 + 
0.5 cell/mm”, respectively) (fig. S2E). Altogether, 
the features of type 1 and type 2 ipRGCs sug- 
gest that they correspond to mouse ipRGC 
subtypes M1 and M2 (J) or type II and type III 
(3) (table S3). The type 1 ipRGCs also sustained 
longer responses under prolonged illumina- 
tion, whereas type 2 cells were refractory after 
<5 min of illumination (Fig. 2C and fig. S2F). 

Because some rodent ipRGCs may rely on 
the retinal pigment epithelium to supply the 
11-cis-retinaldehyde (11-cis-retinal) melanopsin 
chromophore (17), we preincubated one retina 


6 December 2019 


Type 1 n=24 
Type 2 n=18 
Type 8 n=79 


= 
oO 


ZA) 


10" 10” 10" 10" 10° 
Irradiance (ph/cm/’/s) 


2 
oO 


Relative discharge rate w 
j=) 
ol 


inn 
BO | 
Mi) | ll 


Z| Type 1 (n=5) 

3 \ Type 2 (n=3) 

0 5 10 15 
Time (min) 


sample in 11-cis-retinal for 1 hour before the 
recordings. In addition to type 1 and 2 re- 
sponses, we also discovered a third type of 
ipRGC that clustered separately (Fig. 2, A 
and F, and fig. S2G). The cells exhibiting 
type 3 responses were distinct; they responded 
only to higher irradiances, but more strongly 
(Fig. 2, A and B, and fig. $2, C and H). Their 
response latencies were similar to those of 
types 1 and 2, but their response durations 
were shorter, rapidly extinguishing after light 
was turned off (fig. S2H). Finally, type 3 cells 
appeared to be more abundant than type 1 
and 2 cells, with 30.9 cells/mm”. Although 
type 1 and 2 ipRGCs’ discharge rate was in- 
creased in response to the high-irradiance 
stimulations, their response sensitivity, latency, 
and duration overall were not affected by ex- 
ogenous 11-cis-retinal (fig. $3). 

To determine whether these type 3, 11-cis- 
retinal-dependent cells were specific to hu- 
mans, we recorded photoresponses in retinas 
from adult retinal degeneration (rd) mice. 
These mice exhibit extensive degeneration of 
rod and cone photoreceptors; thus, light re- 
sponses of 3-month-old 7d mice are predom- 
inantly from ipRGCs (78). rd retinas produced 
trains of action potentials that were similar to 
responses recorded in human ipRGCs (fig. S4A). 
Upon supplementation with 11-cis-retinal, the 
number of responding cells increased (fig. S4, 
A and D). PCA revealed that, as in human 
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Fig. 3. Spectral sensitivity of human 
ipRGCs. (A) Dose-response curves of each 
subtype to 30-s light pulses at different 
irradiances and wavelengths (irrl to irr4, 
from 5 x 10° to 5 x 10% photons/cm* per 
second; 447, 470, 505, 530, and 560 nm) 
(type 1, n = 7; type 2, n = 8; type 3, n = 79; 
one donor). Error bars indicate SEM. 

(B) Action spectra and (C) best-fitted 
nomograms for each subtype. 

EC, irradiance required to drive a 

50% response; A, wavelength. 


retinas, 11-cis-retinal-dependent mouse ipRGCs 
formed a distinct cluster (fig. S4B). These cells 
displayed response characteristics that were 
different from those of other mouse ipRGCs, 
but similar to the type 3 cells we discovered 
in human retinas (fig. S4C). 

To determine the spectral sensitivity of the 
human intrinsic light response, we measured 
the discharge rate as a function of wavelength 
(447, 470, 505, 530, and 560 nm) over ~4-log- 
unit irradiance range (~5 x 10" to 5 x 10 
photons/cm? per second) (Fig. 3A and fig. $5). 
By calculating half-saturation values from 
the dose-response curves for each wavelength 
(Fig. 3A), we established the action spectra 
for each subtype (Fig. 3B). These data were 
fitted by Al visual pigment nomograms (19) 
with peaks at 459 and 457 nm for ipRGC 
types 1 and 2, respectively (Fig. 3C). These 
responses are distinct from those of human 
rod, S, M, and Lcone pigments (498, 420, 534, 
and 564 nm, respectively) but consistent with 
indirect measurements obtained for noctur- 
nal melatonin suppression, pupillary reflex 
to light, and other melanopsin-dependent 
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responses (table S1). Because of type 3 ipRGCs’ 
limited range of responses, we did not fit their 
dose-response curves. Nevertheless, type 3 
ipRGCs also appeared to be most sensitive 
around 470 nm (Fig. 3B). 

In addition to intrinsic photosensitivity, 
ipRGCs also transmit rod- and cone-initiated 
photoresponses. To characterize rod and cone 
input, we compared ipRGCs’ responses before 
and after the application of the synaptic 
blockers. In the absence of synaptic blockers, 
a large number of RGCs responded to light 
with conventional on- or off-type responses. 
These results are consistent with previous re- 
ports of light responses in the human retina, 
and they demonstrate that the outer, inner, 
and intermediate layers of the retina were 
functionally preserved in our preparation 
(20, 21). After incubation with blockers and 
dark adaptation for 45 min, conventional RGCs 
stopped responding to subsequent light pulses, 
whereas ipRGC responses persisted (Fig. 4A). 
Comparison of ipRGC photoresponses before 
and after synaptic blockers revealed subtype- 
specific specialization in integrating outer reti- 
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na responses with intrinsic photosensitivity 
(Fig. 4A and fig. S6A). 

For all subtypes, extrinsic input to ipRGCs 
shortened response latency and lowered re- 
sponse thresholds. Latency was reduced by 
58.4, 68.2, and 85.2% for types 1, 2, and 3, 
respectively, at 3.5 x 10’ photons/cm? per 
second (Fig. 4B, right, and fig. S6A); response 
thresholds were lowered such that ~90% of 
cells responded to the lowest irradiance (Fig. 
4B, left). However, extrinsic input accounted 
for a significant portion of the sustained re- 
sponse and increased its sensitivity only for 
type 2 and 3 ipRGCs (Fig. 4C). 

In summary, human ipRGCs can be sep- 
arated into at least three subtypes on the basis 
of their responses to light, chromophore sup- 
ply, and relationships with rods and cones 
(table S3). Different modes of chromophore 
regeneration within the different populations 
of ipRGCs may be linked to the heterogeneity 
in signal transduction mechanisms; in mice, 
a rhabdomeric cascade exists in M1 ipRGCs, a 
ciliary cascade operates in M4 cells, and both 
coexist in M2 cells (22). 
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It has long been assumed that the primary 
function of ipRGCs is to count photons (14). 
Our results both confirm and expand this 
role; rod- and cone-initiated extrinsic photo- 
sensitivity allows ipRGCs to respond to lower 
intensities of light and helps to sustain type 3 
responses to very bright light. We also found 
that input from the outer retina to ipRGCs 
exceeds additive excitation. We observed sev- 
eral types of interactions—on, on or off activa- 
tion, and on or off inhibition (Fig. 4A and 
fig. S6B)—suggesting that ipRGCs are able 
to mediate complex signal processing. Our 
study provides direct quantitative data on 
human ipRGC function, which will help in 
the development of light-based interventions 
for improving human health. 
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Enzyme-catalyzed reactions have begun to transform pharmaceutical manufacturing, offering levels 

of selectivity and tunability that can dramatically improve chemical synthesis. Combining enzymatic 
reactions into multistep biocatalytic cascades brings additional benefits. Cascades avoid the 

waste generated by purification of intermediates. They also allow reactions to be linked together to 
overcome an unfavorable equilibrium or avoid the accumulation of unstable or inhibitory intermediates. 
We report an in vitro biocatalytic cascade synthesis of the investigational HIV treatment islatravir. 
Five enzymes were engineered through directed evolution to act on non-natural substrates. These 
were combined with four auxiliary enzymes to construct islatravir from simple building blocks in a 
three-step biocatalytic cascade. The overall synthesis requires fewer than half the number of steps of 


the previously reported routes. 


he structural complexity of new drug 

molecules and the growing desire to 

develop green and efficient synthetic 

processes demand innovation and excel- 

lence in organic chemistry (J). Enzyme 
catalysis incorporated into pharmaceutical 
manufacturing represents one such innova- 
tion, providing benefits that include unparal- 
leled selectivity, increased atom economy, and 
improved safety (2, 3). But a truly transform- 
ative potential lies in combining two or more 
enzymatic steps into biocatalytic cascade se- 
quences (4, 5). Biocatalytic cascades save re- 
sources by avoiding isolation of intermediates. 
They also allow thermodynamically unfavora- 
ble steps to be coupled to more favorable re- 
actions and can avoid enzyme inhibition by 
consuming inhibitory intermediates as they 
are formed. Cascades are enabled by the ex- 
ceptional chemoselectivity of enzymes and 
their compatibility with a common set of mild 
aqueous reaction conditions. Designing chem- 
ical syntheses around the use of multienzyme 
cascades could revolutionize the manufacture 
of drugs. Putting this vision into practice re- 
quires a capacity for rapid identification and 
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engineering of multiple enzymes to act on 
unnatural substrates at industrially relevant 
concentrations. Ongoing advances in directed 
evolution (6, 7), combined with an increas- 
ing abundance of genomic information, have 
now brought this goal within reach, enabling 
us to construct a nine-enzyme cascade to manu- 
facture the investigational HIV treatment 
islatravir. 

The nucleoside analog islatravir (MK-8591, 
EFdA, 1) is an HIV reverse transcriptase trans- 
location inhibitor with a previously undeveloped 
mechanism of action (8, 9). Its extraordinary 
potency and long duration of action promise 
utility in reduced-frequency dosing regimens 
for HIV treatment and preexposure prophy- 
laxis (JO). Several synthetic routes to islatravir 
have been published, each requiring between 
12 and 18 steps (11-15). Inefficiencies in the 
previous syntheses arose from the need for 
multiple protecting-group manipulations as 
well as the difficulty of controlling anomeric 
stereochemistry in 2’-deoxyribonucleosides. 
Enzymatic reactions often eliminate the need 
for protecting groups while at the same time 
providing precise control over stereoselectivity. 
We therefore envisaged that biocatalysis might 
effectively address the synthetic challenges of 
islatravir. 

The bacterial nucleoside salvage pathway 
(Fig. 1A) provides an attractive biocatalytic 
retrosynthetic scheme for deoxyribonucleo- 
sides (16, 17). The biological sequence degrades 
purine 2’-deoxyribonucleosides using three en- 
zymes (/8). First, purine nucleoside phospho- 
rylase (PNP) displaces the nucleobase with 
phosphate to give deoxyribose 1-phosphate. 
Phosphopentomutase (PPM) then transfers 
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the phosphate to the 5 position. The resulting 
sugar 5-phosphate becomes a substrate for de- 
oxyribose 5-phosphate aldolase (DERA), which 
performs a retro-aldol cleavage into glycer- 
aldehyde 3-phosphate and acetaldehyde. This 
sequence can rapidly assemble nucleosides 
from simple starting materials when run in 
reverse (17). Using the salvage pathway to 
synthesize islatravir requires all three enzymes 
to act on non-natural substrates bearing a fully 
substituted carbon at C-4 of the 2-deoxyribose 
ring. The full sequence of enzymes has not 
been used to both construct a non-natural 
sugar and attach a nucleobase. Nonetheless, 
we were encouraged by previous applications 
of PNP and PPM to produce non-natural nu- 
cleosides (17, 19) as well as the ability of DERA 
to make non-natural sugars (20). 

The reversibility of the reactions in the sal- 
vage pathway allowed us to rapidly explore the 
sequence in the retrosynthetic direction (19), 
starting from islatravir. We began by evaluat- 
ing a panel of purine phosphorylases for their 
ability to cleave islatravir into the nucleobase 
(2) and sugar 1-phosphate (3). The ethynyl sub- 
stituent was accepted by several homologs, 
with the native Escherichia coli PNP showing 
the highest activity. Application of the E. coli 
enzyme at high loading generated the other- 
wise inaccessible 1-phosphate intermediate (3) 
to use in testing phosphopentomutases. The 
native E. coli PPM displayed the highest acti- 
vity for converting this unnatural substrate to 
the thermodynamically favored 5-phosphate 
(&). With compelling proof of concept for the 
two desired reactions in place, we then focused 
on improving the activity of both enzymes by 
means of directed evolution. 

We used a homology model based on the 
Bacillus cereus PPM crystal structure to gen- 
erate a library of variants with single muta- 
tions near the active site, which were screened 
for improved activity in the reverse reaction. 
In the best performing variant, the manganese- 
binding D172 was replaced by a noncoordinating 
alanine (fig. S1D). Recombination of beneficial 
mutations from the first round—including a 
change in the catalytic, phosphorous-transferring 
residue T97S—resulted in a quintuple mutant 
that exhibited =70-fold improvement over the 
wild-type enzyme (Table 1 and figs. S22 to 
$24). (Single-letter abbreviations for the amino 
acid residues are as follows: A, Ala; C, Cys; D, 
Asp; E, Glu; F, Phe; G, Gly; H, His; I, Ne; K, Lys; 
L, Leu; M, Met; N, Asn; P, Pro; Q, Gln; R, Arg; 
S, Ser; T, Thr; V, Val; W, Trp; and Y, Tyr. In the 
mutants, other amino acids were substituted 
at certain locations; for example, T97S indicates 
that threonine at position 97 was replaced by 
serine.) 

The improved PPM variant enabled us to 
evolve PNP for improved activity. We screened 
a library of variants with single mutations near 
the active site for formation of islatravir in 
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the tandem forward reaction from sugar 5- 
phosphate (4), with the 1-phosphate (3) being 
generated in situ by the newly evolved PPM. 
A single amino acid change, M64A, near the 
alkyne-bearing C-4 of the docked substrate 
(fig. SIE) provided a PNP variant with about 
350-fold improved activity (Table 1 and figs. 
$26 and S27). With the two active enzymes, 
we focused our attention on evaluating the 
practicality of the glycosylation cascade. 

Because the PPM-catalyzed equilibrium favors 
the starting 5-phosphate, the phosphate transfer 
and glycosylation reactions must be performed 
simultaneously. Despite the improved activity 
of both enzymes, the tandem reaction plateaued 
at <50% yield. A reverse reaction starting from 
islatravir reached 40% conversion, demon- 
strating that the reaction was equilibrium 
limited. In addition, the inorganic phosphate 
byproduct of the glycosylation reaction is 
known to inhibit PPM (27). Removing the 
inorganic phosphate as it is formed provided 
an effective solution to the equilibrium and 
inhibition problems (22). Addition of sucrose 
phosphorylase (SP) and sucrose to the reaction 
converts free phosphate to glucose 1-phosphate 
and shifts the entire equilibrium forward. The 
resulting three-enzyme cascade runs to full 
conversion at substrate concentrations as high 
as 200 mM (scheme S4B). 

We continued exploring the retrosynthetic 
degradation pathway by screening DERA en- 


zymes in the retro-aldol reaction. Several DERA 
homologs displayed high activity in the retro- 
aldol of the alkynylated sugar. After further 
evaluation in the forward aldol reaction, we 
selected the DERA from Shewanella halifaxensis 
for its high activity, complete stereoselectivity 
in the formation of the new C-C bond (> 99% 
de), and kinetic selectivity favoring reaction 
with the (R)-enantiomer of the aldehyde. The 
(S)-aldehyde was very slowly converted to the 
(3S,4S) diastereomer. This wild-type DERA was 
also active in reaction with the nonphosphory- 
lated aldehyde (7). Despite extensive research 
on applications of DERA enzymes, we did not 
find any reports of reactions of aldehydes with 
a fully substituted a-carbon. 

The limitation of the S. halifaxensis DERA 
was that it did not tolerate the high concen- 
trations of acetaldehyde required for a practical 
synthesis. Two rounds of directed evolution 
addressed this constraint, yielding an improved 
variant that retained high activity at an acet- 
aldehyde concentration >400 mM (Table 1). 
The engineered enzyme contained several new 
mutations, including C47V (fig. SIC). This cys- 
teine residue is found near the active site in 
other DERA homologs and acts as a regulator 
of the enzyme activity, binding the product of 
acetaldehyde self-aldol condensation (23). 

With the repurposed nucleoside salvage en- 
zymes in hand, we focused on an efficient syn- 
thesis of 2-ethynylglyceraldehyde 3-phosphate 


(5). Known biochemical pathways to its natural 
analog (R)-glyceraldehyde phosphate do not al- 
low for facile incorporation of a C-2-substitutent. 
Retrosynthetic analysis suggested that 5 could 
be accessed from the simple achiral building 
block 2-ethynylglycerol (6) through oxidation 
and phosphorylation reactions (Fig. 1B). In 
theory, these transformations could occur in 
either order. We explored enzymes for all 
four of these reactions and did not find any 
with activity for oxidation of 8. We therefore 
pursued the path of oxidation followed by 
phosphorylation. 

Discovery of an enzyme with phosphorylation 
activity toward 7 required extensive screening 
of a broad spectrum of kinases that naturally 
act on sugars and primary alcohols. Ultimately, 
we identified a pantothenate kinase (PanK) 
from E. coli with very low-level activity toward 
the (R)-enantiomer of aldehyde 7. Applying 
directed evolution, we were able to rapidly 
increase the activity by introducing two muta- 
tions (L277I and 1281M) in the helix of the 
pantothenate binding site (fig. SIB). Further 
engineering improved the enzyme’s activity 
and stability. The evolved variant displayed 
greater than 100-fold higher activity (fig. S19) 
and pro-(R) kinetic selectivity (E = 8) (scheme 
$19), achieving full conversion at 200 mM 
concentration (Table 1). Practical use of the 
kinase in vitro required regeneration of its 
cofactor adenosine triphosphate. We chose 


A Bacterial nucleoside salvage pathway applied to islatravir (1). Unnatural structural elements are highlighted in green. 
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acetyl phosphate as an economical source of 
activated phosphate paired with a thermo- 
stable acetate kinase (AcK) from Thermotoga 
maritima (Fig. 2). 

The final piece to complete the biocatalytic 
pathway was the desymmetrizing oxidation of 
2-ethynylglycerol (6). Among a broad range of 
oxidoreductases, we identified evolved var- 
iants of galactose oxidase (GOase M1 and F2) 
that chemoselectively formed the monoalde- 
hyde 7 with limited overoxidation (Table 1). 
These copper-dependent enzymes were pre- 
viously engineered for improved expression 
in E. coli (M1-variant) (24) and broadened 
substrate scope (F2-variant) (25). Unfortunately, 
both M1 and F2 GOase variants favored for- 
mation of the undesired (S)-enantiomer with 
8:92 and 40:60 R:S ratios, respectively. The 
(S)-selectivity is consistent with the stereo- 
chemistry of the natural substrate D-galactose. 
Nevertheless, the relaxed stereoselectivity of 
the F2-variant suggested that its enantiopre- 
ference could be reversed, and the GOase F2 
became the starting point for evolution. 

Synthetic applications of GOases require two 
additional redox enzymes: a catalase to dis- 
proportionate the hydrogen peroxide bypro- 
duct and a peroxidase to maintain the correct 
oxidation state of copper (26). We chose com- 
mercially available bovine catalase and horse- 
radish peroxidase and used these enzymes 
during evolution of the GOase. Over 12 rounds 
of oxidase engineering, we targeted an im- 
provement in activity, a reduction in prod- 
uct inhibition, and a reversal of the innate 
enantiopreference. The engineered oxidase 
displayed 11-fold improved activity and a 
reversed 90:10 R:S selectivity (Table 1). The 
change in enantioselectivity resulted mainly 
from two mutations in the active site: W290Y 


and F464L (fig. SIA). Multiple additional muta- 
tions throughout the enzyme improved protein 
expression, stability, and activity and alleviated 
product inhibition. With higher activity came 
an increase in overoxidation of the product. 
The overoxidation led to an increase in the 
enantiopurity of '’7 throughout the course of 
the reaction (up to 99% enantiomeric excess), 
albeit at the cost of yield (fig. S10). 

At this point, we had evolved enzymes for 
each step of a fully biocatalytic sequence from 
ethynyl glycerol (6) to islatravir. We then turned 
to strategic considerations around how best 
to integrate these individual reactions into the 
overall in vitro synthesis. As discussed above, 
the three reversible reactions catalyzed by PPM, 
PNP, and SP must take place concurrently to 
achieve a favorable equilibrium. Extending the 
simultaneous cascade to include the reversible 
aldol addition could provide additional syn- 
ergy. Compatible pH and temperature ranges 
would allow all four enzymes to function in 
the same solution. Sucrose phosphorolysis as a 
thermodynamic driving force could pull forward 
all the equilibria, including the aldol reaction. 
These factors enabled us to lower the excess 
of acetaldehyde to levels tolerated by all the 
enzymes. In this way, we could operate a sim- 
ultaneous four-enzyme cascade in which the 
nucleoside degradation pathway runs in reverse, 
driven to high conversion by phosphate removal 
(Fig. 2). Islatravir crystallized from the reac- 
tion mixture and could be isolated directly 
through filtration in greater than 95% purity 
and 76% yield from 5. 

The oxidation and phosphorylation reactions 
are essentially irreversible, so directly coupling 
them with the downstream cascade provides 
no thermodynamic benefit. We considered a 
tandem GOase-kinase combined reaction, so 


that in situ product consumption would mini- 
mize the inhibition suffered by the oxidase. 
Unfortunately, the pantothenate kinase lacked 
the required chemoselectivity, rapidly phos- 
phorylating triol 6. 

Isolating the intermediates 5 and 7 proved 
to be challenging because of their high solu- 
bility in water. Therefore, we focused on deve- 
loping a process in which a single aqueous 
solution was carried through the entire se- 
quence. This approach necessitated evaluating 
the impact of each component on the remain- 
ing steps. The use of acetyl phosphate as the 
phosphorous donor requires neutralization of 
the liberated acetic acid, generating a solution 
with elevated ionic strength. The high salt con- 
tent inhibits downstream enzymes—in partic- 
ular, the hexameric PNP (figs. S15 and S16). To 
enable these reactions to proceed effectively, 
we carried out further PNP evolution under 
high-salt conditions and diluted the kinase 
product solution to reduce its ionic strength 
before the next step. 

With a total of nine enzymes used in the 
synthesis and no intermediate isolations, ma- 
nagement of cumulative protein content was 
critical. The final filtration of crystallized 
islatravir became difficult as the amount of pro- 
tein in the mixture increased. The homogeneous 
nature of the oxidation and phosphorylation 
reactions opened the possibility of immobiliz- 
ing their enzymes to allow easy removal after 
these steps. For this purpose, we applied an 
affinity immobilization technique that relies 
on the capture of polyhistidine-tagged pro- 
teins on a metal-containing solid support (27). 
The recombinant oxidase and kinase enzymes 
were immobilized in this way, which had the 
added benefit of eliminating nontagged pro- 
teins during immobilization and minimizing 


Table 1. Properties and performance of evolved enzymes used in the biocatalytic pathway. 
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944 mM 7, pH 7.5, 20°C, 18 hours. 


+GOase-M1-Strep and F2-Strep: 172 mM 6, pH 7.5, 0.2 mM CuS04, 25°C, 4 hours. 
**142 mM 5, 420 mM acetaldehyde, pH 7.2, 30°C, 24 hours. 


#235 mM 7, pH 6.4, 20°C, 18 hours. 


+413 mM Ib, pH 7.5, 40°C, 16 hours. 
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Fig. 2. Fully assembled biocatalytic pathway. Evolved enzymes are in colored boxes, and wild-type auxiliary enzymes are in white boxes. 


undesired side reactions catalyzed by host-cell 
enzymes. Immobilization was not pursued for 
the aldol and glycosylation enzymes because 
the product crystallizes during this step. 

The biocatalytic synthesis produces only 
a single stereoisomer of islatravir in a self- 
correcting manner. Oxidative desymmetriza- 
tion establishes the fully substituted carbon 
center with 90:10 selectivity, and the ratio is 
increased by further oxidation of the minor 
enantiomer. Every subsequent step provides 
an opportunity to amplify the stereochemical 
purity. The kinase and aldolase enzymes react 
with kinetic selectivity toward the (R)-aldehydes 
7 and 5, respectively, allowing upgrade of the 
enantiomer ratio. The aldolase creates the 
second stereogenic center with great preci- 
sion. Last, only the (3S,4R)-diastereomer of the 
sugar phosphate 4 can react further, and the 
glycosylation sets the anomeric center with 
perfect selectivity. 

The full in vitro biocatalytic cascade uses 
five engineered enzymes and four auxiliary 
enzymes to stereoselectively assemble islatravir 
from simple achiral building blocks in 51% 
overall yield. The atom economy far exceeds 
that of previous syntheses of this target, and 
the number of steps is less than half. The en- 
tire sequence takes place under mild condi- 
tions in a single aqueous solution without the 
isolation of intermediates. This extraordinary 
efficiency was made possible by the ability to 
identify and engineer enzymes that can build 
complex structures with excellent stereo- and 
chemoselectivity and without the need for pro- 
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tecting groups. We envision a growing adop- 
tion of cascade biocatalysis as a strategy for the 
sustainable synthesis of complex non-natural 
molecules such as pharmaceuticals. The appli- 
cation of enzyme cascades to a diverse range 
of molecular structures will rely on further ad- 
vances in the pace of protein engineering (28) 
and the continuing discovery of new enzymatic 
transformations (7, 29). 
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STRUCTURAL BIOLOGY 


Structures of the AMPA receptor in complex with its 


auxiliary subunit cornichon 


Terunaga Nakagawa 


In the brain, AMPA-type glutamate receptors (AMPARs) form complexes with their auxiliary subunits and 
mediate the majority of fast excitatory neurotransmission. Signals transduced by these complexes are 
critical for synaptic plasticity, learning, and memory. The two major categories of AMPAR auxiliary 
subunits are transmembrane AMPAR regulatory proteins (TARPs) and cornichon homologs (CNIHs); 
these subunits share little homology and play distinct roles in controlling ion channel gating and 
trafficking of AMPAR. Here, | report high-resolution cryo-electron microscopy structures of AMPAR in 
complex with CNIH3. Contrary to its predicted membrane topology, CNIH3 lacks an extracellular domain 
and instead contains four membrane-spanning helices. The protein-protein interaction interface that 
dictates channel modulation and the lipids surrounding the complex are revealed. These structures 
provide insights into the molecular mechanism for ion channel modulation and assembly of AMPAR/ 


CNIH3 complexes. 


MPA-type ionotropic glutamate recep- 
tors (AMPARs), ligand-gated ion chan- 
nels activated by the neurotransmitter 
glutamate, mediate the majority of fast 
excitatory synaptic transmission in the 
brain (1). They regulate synaptic plasticity, 
which in turn influences circuit activity, cog- 
nition, learning, and behavior. Their dysfunc- 
tion is associated with a variety of neurological 
and psychiatric disorders (2), including ma- 
jor depressive disorder, Alzheimer’s disease, 
Rasmussen’s encephalitis, limbic encephalitis, 
seizures, cognitive dysfunction, and autism. 

In mammals, the pore-forming subunits of 
AMPARs are called GluA1 to -4. The extra- 
cellular domains of each subunit consist of 
an N-terminal domain (NTD) and a ligand- 
binding domain (LBD) (Fig. 1A). In the rest- 
ing state, NTDs are stacked on top of the LBD 
and extend away from the membrane (3). Glu- 
tamate binds to the LBD and induces a con- 
formational change in the transmembrane 
domain (TMD) that in turn triggers gating (4). 
The TMD forms the ion channel pore made 
of three membrane-spanning segments (M1, 
M3, and M4) and a re-entrant element (M2). 
A short cytoplasmic domain (CTD) extends 
into the cytoplasm. AMPARs function as tet- 
ramers and adopt a dimer-of-dimers archi- 
tecture resembling a Y shape, in which the 
extracellular NTD and LBD each form di- 
mers exhibiting an overall twofold symmetry, 
whereas the membrane-embedded portion 
adopts a near-fourfold symmetry (5) (see or- 
ganization of the GluA2 tetramer in Fig. 1C). 
In addition, certain heterotetrameric AMPARs 
adopt a compact global conformation that dif- 
fers from the canonical Y shape (6). 
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AMPARs form complexes with various 
structurally unrelated auxiliary subunits, which 
are membrane proteins that regulate AMPAR 
trafficking or gating (and in some cases both) 
(7). The two major classes of AMPAR auxil- 
iary subunits belong to the claudin homolog 
and cornichon homolog (CNIH), which share 
little homology (8). Transmembrane AMPAR 
regulatory proteins (TARPs) are members of 
the claudin homolog family and are the most 
extensively studied (7-9). Among the corni- 
chon family, CNIH2 and -3 (CNIH2/3) are 
AMPAR auxiliary subunits (10). Unlike the 
TARPs, CNIH2/3 function at the endoplas- 
mic reticulum where, in mammals, they may 
control assembly of heteromeric AMPARs 
(11, 12). CNIH2/3 remain associated with the 
synaptic AMPAR complex and, in many cases, 
coassemble with TARPs (11, 13, 14). Both TARPs 
and CNIH2/3 slow ion channel desensitization 
to varying degrees (7). The role of auxiliary 
subunits in tuning ion channel gating kinetics 
is predicted to have a substantial impact on 
circuit dynamics (7). Knowledge of the modu- 
lation mechanisms of AMPAR gating and 
trafficking used by various auxiliary subunits 
could guide rational design of new therapeutic 
compounds. Currently, our structural knowl- 
edge of AMPAR auxiliary subunit complexes 
has been limited to those that contain either 
TARPs or GSGIL, which are both claudin 
homologs (15, 16). 

I investigated cryo-electron microscopy 
(cryo-EM) structures of complexes composed 
of GluA2 and CNIH3 (hereafter referred to 
as A2-C3) bound to the antagonist ZK200775 
(280 uM). Detailed methods on sample prep- 
aration and data collection are given in the 
supplementary materials. In the first step of 
the analyses, I obtained full-length structures 
at an overall resolution of 4.4 A (figs. S3 and 
S4). The low flexibility between NTD and LBD 
interfered with further high-resolution analyses, 
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and therefore in the second step the NTD 
layer and the rest of the complex (hereafter 
referred to as LBD-TMD-C3) were analyzed 
separately by focused classification and re- 
finement (supplementary text and figs. S3 to 
$10). High-resolution maps, whose overall res- 
olutions ranged from 3.0 to 3.5 A, and their 
molecular models (for statistics used, see table S1) 
were placed into the 4.4-A-resolution full-length 
map to reconstruct the complete structure (Fig. 1). 

I observed two global conformations. The 
pseudosymmetric conformation (PS) resem- 
bles the canonical Y shape (Fig. 1C), whereas 
the asymmetric conformation (AS) exhibits 
a tilted NTD layer relative to the LBD layer 
and makes interlayer contact at one corner 
(Fig. 1, B to D). Similar numbers of particles 
(AS, 218,413 particles; PS, 190,470 particles) 
contributed to each conformation. The maps 
of PS and AS revealed four extra densities in 
the micelle attached to the TMD of GluA2; 
these detected densities are CNIH3, bound at 
a GluA2:CNIH3 stoichiometry of 4:4 (Fig. 1, B 
to D). 

The architectures of NTD tetramers were 
virtually identical between AS and PS [root 
mean square deviation (RMSD) of Ca, 0.374 A] 
and similar to previous structures (fig. S11). 
Glycosylation at N241, which was eliminated 
by mutation in previous studies (5, 77), points 
toward LBD, potentially biasing the NTD layer 
tilted in AS and preventing it from descending 
vertically (Fig. 1, B, C, F, and G). In AS, K188 
is close to 1459 and Y469 at the interdomain 
contact between the NTD and LBD (Fig. 1, B 
and J). The NTDs might alter dynamics of 
LBDs through direct interaction, which could 
potentially result in allosteric gating modula- 
tion, such as that seen in N-methyl-p-aspartate 
receptors (18). The LBDs are nearly identical 
between AS and PS (RMSD of Ca, 0.542 A) 
and also similar to those of GluA2/stargazin 
and GluA2/GSGIL in the closed state (15, 19) (fig. 
S12). Consistently, architectures below the NTD 
layer were virtually identical between AS and 
PS (RMSD of Ca, 0.526 A) (fig. S7E). Switching 
between AS and PS must be a probabilistic 
process that requires the native NTD-LBD 
linker. The pore is closed, and the lower part 
of the channel is more compacted than the 
GluA2 tetramer with no auxiliary subunit 
(PDB: 3KG2). This compaction geometrically 
occludes the M2, which was unresolved (fig. 
S13) (see supplementary text). 

An atomic model of CNIH3 was built de novo 
and produced the first molecular view of a 
member of the cornichon family. Previous 
studies had relied on computational models 
that predict CNIHs having their N termini in 
the cytoplasm and spanning the membrane 
only three times (8, 0, 20-22). Our data, how- 
ever, redefine the topology of CNIH3 and 
reveal a geometry resembling four trans- 
membrane segments with extracellular N and 


lof5s 


6L0z ‘Z| 4equieceq uo /fio Beweousloseous!0s//:dijy Wo pepeojuMOGg 


RESEARCH | REPORT 


asymmetric AS 


GluA2 subunit 


Fig. 1. Cryo-EM structures of the complex formed of GluA2 and CNIH3 
(A2-C3). (A) Domain organization of a GluA2 subunit. (B and C) Density map of 
A2-C3 in AS and PS. From this view, the NTD layer is tilted at 11.5° in AS. No 
symmetry was imposed in solving AS, whereas C2 was imposed for PS. Visualizing 
thresholds: NTD(AS) at 7.070, LBD-TMD-C3(AS) | at 7.566, NTD(PS) at 7.326, 
LBD-TMD-C3(PS) at 6.80c. Overall resolutions: NTD(AS), 3.1 A; LBD-TMD-C3(AS) |, 
3.5 A; NTD(PS), 3.1 A; LBD-TMD-C3, 3.2 A. See table S1 and figs. S3 to S8 for 
detailed descriptions of each of the maps. (D) Cross sections of each domain 
(indicated by dashed lines), viewed from the top (the NTD side). The subunits of 
tetrameric GluA2 are referred to as A (yellow), B (orange), C (red), and D 


C termini (Fig. 2, A and B). CNIH3 lacks a 
canonical signal peptide, but the N terminus, 
which remains uncleaved and buried in the 
membrane, appears to substitute for it. The 
first 12 amino acids are almost identical in 
mammals, flies, and worms, but not in plants 
or yeast (Fig. 2C). I refer to this fragment 
as uncleavable membrane inserting peptide 
(UMIP). UMIP of CNIH2 is intolerant to mis- 
sense mutations in humans (23) (fig. S14). 
The TMI helix begins within UMIP, and the 
end of the helix penetrates into the cytoplasm. 
After a short unresolved loop, the TM2 starts 
as a cytoplasmic helix, which was misinter- 
preted as an extracellular loop in previous 


Nakagawa, Science 366, 1259-1263 (2019) 


pseudo- 
symmetric PS 


ZK200775 


LBD-TMD linkers | 
Ni} J 


r re: 


see 


studies (8, 10, 20-22). The end of TM2 turns 
180° in the membrane and connects to TM3, 
which re-enters the cytoplasm. A tryptophan 
(W88) at the junction between TM2 and TM3 
is conserved among cornichons (fig. $15). The 
folded jackknife shape of TM2 and TM3 may 
be a signature of all cornichons. The majority 
of CNIH3 is embedded in the membrane with 
asmall cytoplasmic domain, and thus a direct 
interaction between the LBD of GluA2 and 
CNIH3 in the extracellular space is unlikely. 
In contrast, TARPs and GSG1L modulate 
AMPARs by directly contacting the LBD in 
the extracellular space (24, 25). Based on the 
structure and the locations of functionally 
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LBD (subunit C) 


(green). The cyan densities are CNIH3, named A’ to D' based on location, 
following the style used for TARPs (16, 25). (E and F) Side views of maps 
shown in (B) and (C). The tilt angle of the NTD layer (16.5°), the NTD-LBD 
contact (arrow), and gaps between NTD and LBD (Aas, Aps) are indicated. 
(G to 1) Molecular models of A2-C3 in AS and PS, shown as ribbon diagrams. 
Models were built from maps NTD(AS), LBD-TMD-C3(AS)II, NTD(PS), and 
LBD-TMD-C3(PS) (table S1). Black dots indicate glycosylation at N241. 

The bottom view is shown in (I). (J) Zoomed-in view of the NTD-LBD contact 
in the C subunit, indicated as a rectangle in (B). Model and map [NTD(AS) 
at 7.070] are superimposed. 


important mutations of CNIH3, receptor mod- 
ulation must occur via the intramembrane 
and the cytoplasmic interaction between the 
two proteins (2/1, 26) (see supplementary text). 

CNIHB binds to the M1 and M4 of adjacent 
subunits of GluA2, where TARPs and GSGIL 
associate (Fig. 2D) (15, 16). Despite the absence 
of homology, the bundle of four helices of CNIH3 
resembles the geometries of those of TARPs 
and GSGIL. Geometric conservation extends 
to the M1 and M4 of GluA2, which interface 
with the auxiliary subunits. Indeed, the helices 
of CNIH3 and TARP y-8 together with the M1 
and M4 of GluA2 can be superimposed, when 
the Ca backbones of M4 of both complexes are 
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Fig. 2. Membrane topology of CNIH3. 
(A) Schematic of the topology. The rec- 
tangle (pale orange) in the background 
represents the membrane. (B) Ribbon 
diagram of CNIH3, from side (left) and top 
(right) views. The helices are colored 
according to the topology diagram in (A). 
The location of AMPAR is shown in the 
top view. The model was built from map 
LBD-TMD-C3 (table S1). (©) Sequence 
alignment of the N-terminal fragment that 
contains the UMIP (green and yellow). 

F3, -5, and -8 (yellow) play critical 
oles in complex assembly (see Fig. 3E). 
(D) The M1 and M4 of adjacent subunits 
of AMPAR form the binding surface for 
both CNIH3 and TARP. Aligning the 
4 helix is sufficient to superimpose 

the remaining helices (M1 and TMI1 to 
TM4 of CNIH3 or TARP y-8). The models 
before alignment are shown on the bottom. 
The side view reveals the distinctive 
extracellular and cytoplasmic extensions of 
TARP y-8 (green) and CNIH3 (cyan). 

(E and F) Density maps of the GluA2- 
CNIH3 complex in PS [map A2-C3(PS) 

at 6.9lo] compared with that of the 
GluA2-stargazin complex (EMDB-8721 at 
25.16) at a comparable resolution. 

The NTD is excluded from the display. 
CNIH3 and stargazin are shown in 

cyan and blue, respectively. Side and 
bottom views are shown. 


aligned at an RMSD of 0.763 A (Fig. 2D). The 
detailed residue contacts are different (see the 
supplementary text and fig. S16), even though 
the overall architectures of the complexes ap- 
pear similar at low resolution (Fig. 2, E and F). 

Numerous nonprotein densities (L-a to L-h), 
whose features are characteristic of either lip- 
ids or detergents, surround the hydrophobic 
surface (Fig. 3, A and B). These densities were 
best resolved in the map LBD-TMD-C3hipia, 
which was calculated from a smaller number 
of particles than that used to generate the 
higher-resolution map LBD-TMD-C3 (see ma- 
terials and methods and fig. S9), indicative 
of a small structural (or occupancy) variability 
in the lipids and detergents that are associated 
with the complex. L-a to L-e and L-h were 
visible at a wide range of thresholds and 
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A extracellular B 


CNIH1[Human ] 
[Mouse] 
[Zebra Fish] 
Xenopus 

CNIH2 [Human ] 
[Mouse] 
[Zebra Fish] 
[Xenopus ] 

CNIH3 [Human ] 
[Mouse] 
[Zebra Fish] 
[Xenopus ] 

CNIH4 [Human ] 


—-——-MEAVVFVFSLLD 
[Zebra Fish] ----MEAAVFILSLVD 


[Xenopus ] ----MEAALFIFSLID 


CNI[Drosophila] [APNE TAF TYaVALIC 


CNR[Drosophila]} -MFLPETATFCITLLV 
CNI[C.elegans] |MAFTFAAFCYDHanra 


E A2+CNIH3 A2+Stg 


modeled as acyl groups. L-h is a component 
of the inner (cytoplasmic) leaflet of the lipid 
bilayer and occupies the space where M2 is 
typically located, making contacts with both 
GluA2 and CNIH3 (fig. $17). The tips of L-c 
and L-h contact each other near the center of 
the membrane (Fig. 3D). L-c, an outer leaflet 
component, contacts both M1 (Y523 and 
V530) and M3 (F607) of adjacent subunits 
(Fig. 3C and fig. S17), and it approaches the 
center of the ion channel, similar to the lipid 
density L4 found in the heteromeric AMPAR 
in complex with TARP y-8 (25). However, the 
contact points of L-c and L4 with AMPAR are 
different, except for F607 of M3. I hypothesize 
that the contrasting lipid geometries of AMPAR 
in complex with TARP y-8 and CNIH3 con- 
tribute to their functional differences. 
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A bulkier lipid (L-f), specific to A2-C3 and 
interpreted as a cholesterol group, sits next 
to the interaction interface between GluA2 
and CNIH3, making contacts with both M4 
(Y797) and TMI (L157 and M153) (Fig. 3D and 
fig. S17). Within the interface, three phenyl- 
alanines (F3, -5, and -8) of CNIH3 make con- 
tacts with M1 (E524, M527, and C528) and M4 
(L789, A793, and Y797) of GluA2 (Fig. 3E). In 
particular, Y797 interacts with both L-f and 
CNIH3. Except for Y797, the residues at the 
interface are specific to AMPARs and are re- 
placed by different residues in closely related 
kainate receptors that do not interact with 
CNIHB, establishing specificity for assembly. 
A previous study demonstrated that introducing 
mutations to residues L528, L789, and A793, 
now shown to be at the interface, destabilizes 
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Lh M3 M4 


L153 M153 


Y797 


Fig. 3. Binding interface and arrangements of lipids. (A) The densities that 
surround the transmembrane helices have a characteristic appearance of 
densities derived from lipid and detergents. The map LBD-TMD-C3jipiq (See 
materials and methods and fig. S9) is displayed at 6.020. (B) Magnified view of 
the area in (A) where the lipid-like densities are attached to the complex 

(L-a to L-h). The tips of L-c and L-h make contact. L-f is a bulkier density whose 
contour resembles a cholesterol group. The visualization threshold was set at 
6.020. (C) Cross section at the level indicated by the gray line in (A). The map 
and model are superimposed. Stars (magenta) indicate contacts between L-c 
and F607(M3). The details within the dashed rectangle are shown in (E). 

(D) Superimposed density map and a molecular model, showing contacts 


made between L-f (cholesterol) and side chains of GluA2 and CNIH3. The 
tips of L-c and L-h make contact at the arrow. The visualization threshold was 
set at 5.320. (E) Molecular architecture of the GluA2/CNIH3 interface. 

F3, -5, and -8 of CNIH3 (cyan) contact residues in M1 (E524, M527, C528, and 
F531) and M4 (L789, A793, and Y797) of adjacent subunits of GluA2. Y797 
(M4) and M527 (M1) simultaneously contact lipid-like densities L-f and L-b, 
respectively. Y523 (M1), which does not contact CNIH3, is immediately 

next to the interface and contacts L-c. Single-letter abbreviations for the 
amino acid residues are as follows: A, Ala; C, Cys; D, Asp; E, Glu; F, Phe; 


the complex and bidirectionally alters the 
magnitude of gating modulation by CNIH3 
(26). Replacing A793 of M4 and F3 of CNIH3 
with cysteine induced a disulfide cross-link, 
further supporting the model that two resi- 
dues interact (fig. S18). I hypothesize that the 
binding site for the three phenylalanines (F3, 
-5, and -8 of CNIH3) near the extracellular 
surface of GluA2 dictates gating modula- 
tion and is a potential target for drugs that 
could be used to control the ion channel 
activity of AMPARs. The detailed architecture 
of the interaction interface suggests a possi- 
ble role for lipids in regulating the assem- 
bly or function of the complexes formed by 


Nakagawa, Science 366, 1259-1263 (2019) 


6 December 2019 


G, Gly; H, His; |, lle; K, Lys; L, Leu; M, Met; N, Asn; P, Pro; Q, Gln; R, Arg; 
S, Ser; T, Thr; V, Val; W, Trp; and Y, Tyr. 
AMPAR and auxiliary subunits. The molec- | 8. J. Schwenk et al., Neuron 74, 621-633 (2012). 
ular model of CNIH3 is likely to serve as a 9. N. F. Shanks et al., Cell Rep. 1, 590-598 (2012). 
reference for future investigations of the Q. J. Schwenk et al., Science 323, 1313-1319 (2009). 
. 7 1, B. E. Herring et al., Neuron 77, 1083-1096 (2013). 
biology of the cornichon family. 2. P. J. Brockie et al., Neuron 80, 129-142 (2013). 
3. X. Gu et al., Nat. Commun. 7, 10873 (2016). 
4. S. Boudkkazi, A. Brechet, J. Schwenk, B. Fakler, Neuron 82, 
REFERENCES AND NOTES 848-858 (2014). 
1. S. F. Traynelis et al., Pharmacol. Rev. 62, 405-496 5. E. C. Twomey, M. V. Yelshanskaya, R. A. Grassucci, J. Frank, 
(2010). A. |. Sobolevsky, Nature 549, 60-65 (2017). 
2. D. Bowie, CNS Neurol. Disord. Drug Targets 7, 129-143 6. S. Chen et al., Cell 170, 1234-1246.e14 (2017). 
(2008). 7. M. V. Yelshanskaya, M. Li, A. |. Sobolevsky, Science 345, 
3. T. Nakagawa, Y. Cheng, E. Ramm, M. Sheng, T. Walz, Nature 1070-1074 (2014). 
433, 545-549 (2005). 8. N. Tajima et al., Nature 534, 63-68 (2016). 
4. N. Armstrong, E. Gouaux, Neuron 28, 165-181 (2000). 9. Y. Zhao, S. Chen, C. Yoshioka, |. Baconguis, E. Gouaux, Nature 
5. A. |. Sobolevsky, M. P. Rosconi, E. Gouaux, Nature 462, 536, 108-111 (2016). 
745-756 (2009). 20. M. M. Wudick et al., Science 360, 533-536 (2018). 
6. B. Herguedas et al., Science 352, aad3873 (2016). 21. N. F. Shanks et al., J. Neurosci. 34, 12104-12120 
7. A.C. Jackson, R. A. Nicoll, Neuron 70, 178-199 (2011). (2014). 


4 of 5 


6L0z ‘Z} 4equieceq uo /fio Beweouslos'eous!0s//:dijy Wo pepeojuMOGg 


RESEARCH | REPORT 


22. Y. Shi et al., Proc. Natl. Acad. Sci. U.S.A. 107, 16315-16319 (2010). 
23. J. Traynelis et al., Genome Res. 27, 1715-1729 (2017). 
24. E. C. Twomey, M. V. Yelshanskaya, R. A. Grassucci, J. Frank, 
A. |. Sobolevsky, Neuron 94, 569-580.e5 (2017). 
5. B. Herguedas et al., Science 364, eaav9011 (2019). 
6. N. M. Hawken, E. |. Zaika, T. Nakagawa, J. Physiol. 595, 
6! 


517-6539 (2017). 


ACKNOWLEDGMENTS 

| thank E. Zaika for technical support in isolating clone #7. 

| acknowledge the use of the molecular cryo-EM facility (supported 
by S. Collier, E. Binshtein, and M. Chambers) and computation 
resources (ACCRE and DORS) at Vanderbilt University. | thank 

C. Azumaya, A. Kamalova, E. Karakas, C. Sanders, R. Danev, and 


Nakagawa, Science 366, 1259-1263 (2019) 


|. Greger for discussions. | thank M. Kikkawa and H. Yanagisawa for 
providing access and facilitating data collection using the Titan 
Krios instrument at the University of Tokyo. | thank W. Chazin 
and R. Colbran for support. Software was provided by SBegrid. 
Funding: This work was supported by funding from NIH 
(RO1HDO61543 to T.N.) and Vanderbilt University (to T.N.). 

DORS was supported by NIH (SLORRO31634 to J. Smith). 
Author contributions: T.N. conceived and designed the project, 
conducted experiments, analyzed results, interpreted data, and 
wrote the manuscript. Competing interests: The author declares 
no competing interests. Data and materials availability: 
Reagents and other materials will be available upon request to T.N. 
The structural data have been deposited in the Electron Microscopy 
Data Bank (EMDB) with IDs 20330, 20332, 20645, 20666, 
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20717, 20727, 20732, 20733, and 20734 and in the Protein Data 
Bank (PDB) with IDs 6PEQ, 6U5S, 6U6I, 6UCB, 6UD4, and 6UD8. 


SUPPLEMENTARY MATERIALS 
science.sciencemag.org/content/366/6470/1259/suppl/DC1 
Materials and Methods 

Supplementary Text 

Figs. S1 to S18 

Table S1 

References (27-40) 


View/request a protocol for this paper from Bio-protocol. 


5 June 2019; accepted 21 October 2019 
10.1126/science.aay2783 
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TRILLIONS 
OF MICROBES 


ONE ESSAY 


The NOSTER Science Microbiome Prize is an international prize 
that rewards innovative research by investigators, under the age 
of 35, who are working on the functional attributes of the micro- 
biota. The research can include any organism that has potential to 
contribute to our understanding of human or veterinary health and 
disease, or to guide therapeutic interventions. The winner and 
finalists will be chosen by a committee of independent scientists, 
chaired by a senior editor at Science. The top prize includes a 
complimentary membership to AAAS, an online subscription to 
Science, and $25,000 (USD). Submit your research essay today. 


ae MicROBIOME by 
x“ PRIZE 


Apply by 1/24/20 at www.sciencemag.org/noster 


Sponsored by NOSTER Bio-Institute, Nitto Pharmaceutical Industries, Ltd. 


arsity in science 4c | 
2 psychology of success : 
Fighting fake science 

Mental health 


Financial literacy 
for scientists 


aa Communicating science 


| Throughout 2019, Science and Fondation Ipsen 
are offering free Science and Life webinars that 
tackle the issues researchers face in the field. 


https://scim.ag/35mLvNv 


Science Webinars 


MVAAAS 


It’s time to celebrate! 


For 10 years, NEB" has helped advance next generation sequencing (NGS) by 
streamlining sample prep workflows, minimizing inputs, and improving library 


yield and quality. 


As sequencing technologies improve and applications expand, 
the need for compatibility with ever-decreasing input amounts 
and sub-optimal sample quality grows. Scientists must balance 
reliability and performance with faster turnaround, higher 
throughput and automation compatibility. Our NEBNext 
portfolio addresses these challenges and includes solutions 

for DNA and RNA sample prep from a wide range of 

sample types. 


Reaching far beyond standard library prep, NEBNext reagents 
continue to innovate with: 
e anovel enzymatic alternative to bisulfite sequencing 


e solutions for FFPE DNA and enzymatic 
DNA fragmentation 


¢ customized target enrichment with fast turnaround 


New to NEBNext? 


Get started with a free sample at NEBNext.com. 


One or more of these products are covered by patents, trademarks and/or copyrights owned or controlled by New England Biolabs, Inc. For more information, 
please email us at gbd@neb.com. The use of these products may require you to obtain additional third party intellectual property rights for certain applications. 


© Copyright 2019, New England Biolabs, Inc,; all rights reserved 


NEBNext products continue to set the bar for quality and 
flexibility. All reagents are extensively QC’d at the individual 
component and kit levels, while product formats are designed 
for workflow customization. From individual kits to bulk and 
custom configurations, we’ve got you covered. 


If you still aren’t convinced, why not see for yourself? 
NEBNext reagents have been cited in over 5,000 peer- 
reviewed publications to date. 


As we celebrate 10 years of NEBNext, we would 
like to thank you for making NEBNext part of your 
workflows, and we are excited to continue to exceed 
your expectations for NGS sample prep innovation. 


NEW ENGLAND 


ioLabs:.. 


be INSPIRED 
drive DISCOVERY 
stay GENUINE 


NEVER 
STOP 


ACCELERATING 
REGENERATIVE MEDICINE 


We're applying our photographic film innovations to help advance 


new treatments in the revolutionary field of regenerative medicine. 
Over the last 80-plus years, we've developed advanced technology 


that controls complex chemical reactions in photographic film 


that’s a mere 20 microns” thick. And today, that technologyis 
being applied to research and the world’s first clinical trial!" 
of medical treatments that use high-quality iPS cells. 
And in the future, we'll strive to help those suffering 
from a range of medical conditions, such as those 

of the eyes, nerves, heart and more. Of course, 

the challenges are endless, but so are the 
possibilities. Which is why we'll never stop 


accelerating regenerative medicine to help 


build astronger, healthier future forall. 


FUJ,FILM 


Value from Innovation 


Follow Fujifilm Life Sciences at in 


j 
*1 Thickness of layers excluding th 


*2 Fujifilm’s iPS cells are being utilize 
conducted in the UK by the Australian com; 


FUJIFILM and Fujifilm Value from Innovation are trademarks o 
©2019 FUJIFILM Corporation. All rights reserved. 


WHAT DO YOU AND THOMAS EDISON 
HAVE IN COMMON? 


AAAS. 


By investing in AAAS you join Thomas Edison and 


the many distinguished individuals whose vision led 


to the creation of AAAS and our world-renowned 


journal, Science, more than 150 years ago. 


Like Edison, you can create a legacy that will last well 
into the future through planned giving to AAAS. By 
making AAAS a beneficiary of your will, trust, 
retirement plan, or life insurance policy, you make a 
strong investment in our ability to advance science 


in the service of society for years to come. 


To discuss your legacy planning, contact 
Juli Staiano, Chief Philanthropy Officer, at 
(202) 326-6636, or jstaiano@aaas.org, or visit 


aaas.org/1848society for more information. 


1848 


SOCIETY 
MVAAAS 


“| feel great knowing that | will leave behind a legacy that will be 
channeled through the AAAS. It also means a lot to me to be able 
to honor my late parents, too.” 


—-PETER ECKEL 
Member, 1848 Society and AAAS Member since 1988 


LIFE SCIENCE TECHNOLOGIES 


new products 


Exome Capture Kit 

ExomeGG is a clinically enhanced exome 
capture kit that—for the first time— 
allows confident, robust whole-exome 
sequencing and targeted copy number 
analysis in a single assay. The clinically 
validated test replaces the need for 
chromosomal microarray and multiplex 
ligation-dependent probe amplifica- 
tion (MLPA) front line tests, saving time 
and money while achieving the highest 
diagnostic yield possible. ExomeCG is 
designed to provide ‘unparalleled coverage of clinical targets when 
used in combination with the Congenica clinical decision support 
platform, which enables fast, accurate interpretation of next- 
generation sequencing data for health care professionals, helping 
them to deliver world-class genomic medicine services and make 
important clinical decisions. 

Nonacus 

For info: +44-(0)-7811-996-942 

www.nonacus.com 


Touchscreen Motorized Repeating Pipette 

The BRAND HandyStep touch motorized repeating pipette features a 
touchscreen interface for intuitive operation. The large color display 
provides all pertinent information and allows easy adjustment of all 
parameters. It can be used with all standard repeating pipette tips. 
Automatic size recognition of BRAND PD-Tip II precision dispenser 
tips adds to the ease of use and reduces the chance of errors. Two 
models are available: The HandyStep touch features dispensing, 
auto-dispensing, and single-volume pipetting modes, with the 

ability to save up to 10 favorites. The auto-dispensing mode features 
a “learn” function for easy interval programming. The HandyStep 
touch S adds multiaspiration, sequential dispensing, and titration 
modes. 

BrandTech Scientific 

For info: 888-522-2726 
www.brandtech.com/product/new-handystep-touch 


mRNA Transfection Reagent 

Polyplus-transfection announces the launch of in vivo-jetRNA, an 
injectable messenger RNA (mRNA) transfection reagent. Addition- 
ally, its adaptability enables multiple administration routes to target 
an organ of choice in all types of animals—especially the spleen and 
lymphatic nodes that play a major role in vaccination. As plasmid 
DNA, mRNA can be used to transiently express a specific antigen 
into an organism or tissue. This antigen will be recognized by the im- 
mune system through antigen-presenting cells and triggers a specific 
immune response. It is also beneficial for cancer research, as it can 
be used to express a suicide gene to kill cancer cells. 
Polyplus-transfection 

For info: +33-(0)-3-90-40-61-80 
www.polyplus-transfection.com/products/invivo-jetrna 


Produced by the Science/AAAS Custom Publishing Office 


Knockout Lysates 

Abcam’s new engineered knockout (KO) cell lysates enable 
proteomic studies by providing researchers with true negative 
controls. Acquiring reliable, off-the-shelf KO mouse models or cell 
lines that match specific experimental requirements can be chal- 
lenging; these often need to be sourced directly from individual 
researchers or labs. Abcam’s newly launched collection addresses 
this issue by providing access to over 2,800 diploid KO cell lysates. 
These lysates are useful for studies requiring loss-of-function phe- 
notypes at the proteomic level as well as routine applications such 
as Western blotting and mass spectroscopy. They can also be used 
to support antibody and target validation. The use of diploid cells 
makes them well suited to the more complex studies often carried 
out in cancer research. Derived from commonly used immortalized 
cell lines, KO lysates have been engineered using CRISPR-Cas9 and 
are accompanied by Sanger sequencing and Western blotting valida- 
tion data. Corresponding wild-type controls are also provided so that 
the biological impact of each KO lysate can easily be assessed within 
a consistent cellular background. 

Abcam 

For info: 888-772-2226 

www.abcam.com 


Protein Extraction Kit 

The Chromatrap Protein Extraction kit from Porvair Sciences offers 
a fast, efficient method of extracting cytoplasmic, nuclear, or total 
protein from mammalian cells. Combining the optimized protocol 
with proprietary reagents, the kit provides high yields of purified 
active protein with low cross-fraction contamination in less than 90 
min. It is easy to use, avoiding the need for ultracentrifugation steps 
and delivering reproducible preparation of purified protein extracts 
from a wide variety of biological samples. Affordably priced, the kit 
generates high-quality protein samples that may be directly applied 
to several applications, including Western blotting, gel-shift assays, 
protein assays, reporter gene assays, and enzyme activity assays. 
Porvair Sciences 

For info: +44-(0)-1978-661144 
www.chromatrap.com/protein-extraction-kit 


Automated Perfusion Cell Culture System 

The Corning MicroDEN is an automated perfusion cell culture 
system that provides a more efficient process for the differentiation 
of monocytes into dendritic cells than current manual methods. It 
enables the wide use of dendritic cells in cell and gene therapy for 
basic and applied research in immunology and immuno-oncology. 
Developed by Flaskworks, a Boston-based startup company special- 
izing in technologies for therapeutic cell production, MicroDEN is 
now available from Corning. The rise of personalized immunothera- 
pies has increased demand for dendritic cells. However, the current 
process for generating these cells is cumbersome, error prone, and 
time intensive. Dendritic cells are key elements in immunology and 
immunotherapy research in oncology and infectious diseases as well 
as autoimmune diseases and transplant rejection. MicroDEN stream- 
lines the process by minimizing manual steps, resulting in more 
consistent yields, reduced risk of contamination, and more efficient 
therapy research. 

Corning 

For info: 800-492-1110 

www.corning.com 


Electronically submit your new product description or product literature information! Go to www.sciencemag.org/about/new-products-section for more information. 


Newly offered instrumentation, apparatus, and laboratory materials of interest to researchers in all disciplines in academic, industrial, and governmental organizations are featured in this 
space. Emphasis is given to purpose, chief characteristics, and availability of products and materials. Endorsement by Science or AAAS of any products or materials mentioned is not 


implied. Additional information may be obtained from the manufacturer or supplier. 
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scien Signaling publishes the latest advances in regulatory biology relevant to physiology 


and disease, including insights into the basic mechanisms of intracellular signaling and 


intercellular regulation, host-microbe interactions, applied signaling for drug discovery alanis 
and synthetic biology, and the development of novel analysis methods. 


Submit your research today. Learn more at: ScienceSignaling.org Signaling 


AVAAAS 
Ei Like us: @ScienceSignaling yy) Follow us: @scisignal 


CAR-T/NK Cells 


Ready-to-use CAR-T products to 
advance your research 


ScFv 


Transmembrane 
domain 


PFP RO 94 
0999986666 


Co-stimulatory 
domain #1 


Co-stimulatory 
domain #2 


Intracellular 
signaling domain 


a Current CAR-T Products Es 


°Her2 eCD22 ¢CD47 °CD19 ¢Mesothelin 

e Her2-GFP °CD33 °CS1 °CD19-FLAG = *Mesothelin-FLAG 

eEGFR °CD38 eBCMA  eCD19-GFP eEpCAM 

eCD19-CD22 = *iCas9 °GPC3 °CD4 eROR-1 

°CEA °CD24 °CD37 ePDL-1 °B7H4 

And many more. Custom development services available. 
x 7 

ProMab Biotechnologies has developed over 60 types of off-the-shelf CAR-T/NK cells, target cells and generated CAR-T 
with several patented innovations in the CAR construct design. ProMab can initiate your CAR project in many ways: starting 
from your antibody sequence, by developing a mouse monoclonal or humanized antibody; or even producing a fully human 


single-chain variable antibody fragment (scFv) from our existing antibody library. ProMab Biotechnologies has completed more 
than 300 CAR-T projects and has developed about 5,000 hybridoma cell lines to date. Inquire today about your custom project. 


All products are for research only 


Discover more | www.ProMab.com 


OK 2600 Hilltop Dr, Building B, Suite C320, Richmond, CA 94806 
ProMab 1.866.339.0871 | & info@promab.com 


Biotechnologies, Inc. 


Agricultural 


USDA Research 
= Service 


www.ars.usda.gov 


The USDA, Agricultural Research Service, 
Grand Forks Human Nutrition Research 
Center in Grand Forks, ND, is seeking a full 
time POSTDOCTORAL RESEARCH 
ASSOCIATE, (Research Chemist) for 
a TWO-YEAR APPOINTMENT. Ph.D. 
is required. Salary is commensurate with 
experience ($62,236- $80,912per annum) plus 
benefits. Citizenship restrictions apply. 


The incumbent will develop and implement 
mass spectrometry-based analytical methods 
for lipidomic characterization of dairy 
products. Knowledge of the principles, 
theories and practices of chemistry, analytical 
chemistry and a working knowledge of 
analytical instrumentation including mass 
spectrometers are desirable. Send application 
materials including curriculum vitae, 
transcripts, and references to: 
Dr. Matthew Picklo, 
Grand Forks Human Nutrition 
Research Center 
2420 2"4 Ave N 
Grand Forks, ND 58203 
or 
e-mail matthew.picklo@usda.gov 


USDA/ARS is an Equal Opportunity 
Provider and Employer. 


Pharmacology Tenure Pathway Faculty Position 


The Department of Pharmacology at the University of Vermont invites 
The University of Vermont applications for a faculty position at the Assistant Professor level on the Tenure 
Pathway, although Associate and Full Professor candidates will be considered. 


LARNER COLLEGE OF MEDICINE 
Deparment of Pharmacology 


Applicants should have a Ph.D. and/or M.D. degree and be committed to 
excellence in both research and the teaching of Pharmacology. We are seeking candidates who have a 
record of research excellence in areas that complement existing programs within the Department and who 
are applying innovative research strategies and approaches. Our faculty have diverse interests that include 
neurovascular and cardiovascular regulation and cellular signaling mechanisms associated with brain health 
and disease states. The candidate is expected to maintain an independent, extramurally funded research 
program. The candidate also must be willing to team-teach pharmacology in undergraduate, medical, and 
graduate school courses. Start-up funds will be competitive. 


The University of Vermont is especially interested in candidates who can contribute to the diversity and 
inclusive excellence of the academic community through their teaching, service and research, scholarship 
or creative arts. Applicants are required to submit a separate statement of advancing diversity and inclusive 
excellence. 


We are an educationally purposeful community seeking to prepare students to be accountable leaders in a 
diverse and changing world. Members of the University of Vermont community embrace and advance the 
values of Our Common Ground: Openness, Respect, Responsibility, Integrity, Innovation, and Justice. The 
successful candidate will demonstrate a strong commitment to the ideals of accessibility, inclusiveness, and 
academic excellence as reflected in the tenets of Our Common Ground. 


The University of Vermont is an Equal Opportunity/A ffirmative Action Employer. All qualified applicants 
will receive consideration for employment without regard to race, color, religion, sex, sexual orientation, 
gender identity, national origin, disability, protected veteran status, or any other category legally protected 
by federal or state law. The University encourages applications from all individuals who will contribute to 
the diversity and excellence of the institution. 


Review of applications will begin immediately and continue until the position is filled. Include a CV, 
research plan, teaching statement and experience, diversity statement, and the names and email addresses 
of three references. After the initial review of applications, references may be contacted to submit their 
letters directly to the search committee. 


Interested candidates must apply online at: https://www.uvmjobs.com/postings/38276 under Position No. 
00025109. Inquiries about the position should be addressed to: Dr. Joseph Brayden, Univ. Vermont, Dept. 
of Pharmacology, Given Medical Building, 89 Beaumont Avenue, Burlington, VT 05405-0068 USA, or via 


email at: joe.brayden@uvm.edu. 


Assistant Scientist/Professor in 
Biomedical Research, Sanford Research 


SANFi3RD 
HEALTH 


Sanford Research invites applications for full-time faculty at the rank of Assistant 
Scientist within Sanford Research in Sioux Falls, SD, with commensurate rank 
of Assistant Professor at the Sanford School of Medicine at the University of 
South Dakota. Sanford Research is the non-profit reasearch branch under Sanford 
Health. We seek outstanding scientists with research programs that span areas 
of biomedical research addressing pediatric and/or rare diseases. This includes, 
but is not limited to, investigating developmental, cellular and molecular disease 
mechanisms, using animal models to understand disease progression and design 
therapeutic interventions, and developing new therapeutic approaches. Successful 
candidates will join a collaborative team with expertise spanning genetics and 
genomics, stem cell biology, cell signaling, developmental biology, and cancer 
biology as they pertain to pediatric and/or rare diseases. Significant institutional 
support, including modern laboratory space and state-of-the-art facilities will be 
provided. A comprehensive benefits package will be tailored to the candidate’s 
qualifications. 


Qualifications: Applicants should hold a PhD, MD or MD/PhD degree and 
complement the existing strengths and interdisciplinary and collaborative 
nature of Sanford Research. Physician Scientists are encouraged to apply. 
Candidates will be expected to develop independent research programs and 
secure extramural funding. 

Application: Sanford Health is an Equal Opportunity/Affirmative Action 
Employer. Applicants should submit a single PDF that includes: (1) detailed 
curriculum vitae, (2) description of research experience and future research plans 
with details on relevance of their research to genetics and genomics, pediatrics 
and rare diseases, stem cell biology, diabetes, or environmental influences of 
diseases, and (3) three letters of recommendation. If any of the information 
above is missing, the submission will not be considered. Submit materials via 
email to: researchrecruitment@sanfordhealth.org 


About Sanford Health: Sanford Health, one of the largest health systems in 
the United States, is dedicated to the integrated delivery of health care, genomic 
medicine, senior care and services, global clinics, research and affordable 
insurance. Headquartered in Sioux Falls, South Dakota, the organization includes 
44 hospitals, 1,400 physicians and more than 200 Good Samaritan Society senior 
care locations in 26 states and nine countries. Nearly $1 billion in gifts from 
philanthropist Denny Sanford have transformed how Sanford Health improves 
the human condition. 


UNIVERSITY OF 


In} GEORGIA 


College of Public Health 


Department of Environmental Health Science 


A Tenure-Track Assistant Professor of 
Environmental Health Science 


The Department of Environmental Health Science in the College of Public Health 
at the University of Georgia invites applications for a tenure-track Assistant 
Professor. The position is an academic year (9 month) appointment with an 
opportunity to supplement salary through external funding. We are seeking 
applicants with a strong academic record in teaching, research, and service in 
the area of environmental health sciences with focus on studying adverse health 
effects of environmental hazards on human populations. Qualifications should 
include: doctoral degree in a discipline related to environmental and occupational 
health, environmental epidemiology, biochemistry, or molecular toxicology 
with at least two years of postdoctoral training. Preferred qualifications include 
evidence of the ability to submit strong (fundable) proposals for extramural 
funding, ability to produce and communicate research, and excellence in teaching 
and working with students. A commitment to cultural diversity is expected. The 
successful candidate will be required to teach at least one undergraduate and 
one graduate course in addition to mentoring student research. 


Review of applications will begin November 15th, 2019 and will continue until 
the position is filled. Application materials should include a cover letter, current 
curriculum vitae, statement of research and teaching experience, and the names 
and contact information of three references (name, address, e-mail address, and 
phone number). Materials should be submitted via the UGA Job Search site: 
http://www.ugajobsearch.com/postings/125630. 


The University of Georgia is an Equal Opportunity/Affirmative Action 
Employer. All qualified applicants will receive consideration for employment 
without regard to race, color, religion, sex, national origin, ethnicity, 
age, genetic information, disability, gender identity, sexual orientation or 
protected veteran status. Persons needing accommodations or assistance 
with the accessibility of materials related to this search are encouraged to 
contact Central HR (hrweb@uga.edu). Please do not contact the department 
or search committee with such requests. 


206 Environmental Health Science Building e Athens, Georgia 30602-2102 
(706) 542-2454 e FAX (706) 542-7472 
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Assistant Professor of 
Molecular and Structural 
Biology 


+ The Department of Biology 

(www. biol.ethz.ch) at the ETH Zurich invites 
applications for an Assistant Professorship in 
Molecular and Structural Biology at the 
Institute of Molecular Biology and Biophysics 
(www.mol.biol.ethz.ch). 


> We are looking for researchers who 
investigate the structure and mechanism of 
biological macromolecules, molecular assem- 
blies or cellular machineries using diverse 
structural, biochemical, biophysical or compu- 
tational techniques. Successful candidates are 
expected to establish and lead a competitive 
research team, commit to teaching at the 
Department of Biology, and to contribute to 
the interactive, scientific environment at ETH 
Zurich. 


Assistant professorships have been established 
to promote the careers of younger scientists. 
The initial appointment is for four years with 
the possibility of renewal for a three-year 
period. 


— Please apply online: 
www.facultyaffairs.ethz.ch 


+ Applications should include a curriculum 
vitae, a list of publications, a statement of 
future research and teaching interests, the 
names of at least three references, and a de- 
scription of the three most important achieve- 
ments. The letter of application should be 
addressed to the President of ETH Zurich, 
Prof. Dr. Joél Mesot. The closing date for 
applications is 1 February 2020. ETH Zurich is 
an equal opportunity and family friendly 
employer, strives to increase the number of 
women professors, and is responsive to the 
needs of dual career couples. 


FOCUS ON DIVERSITY AND INCLUSION 


ame UNIVERSITY OF 


LL GEORGIA 


Assistant/Associate or Full Professor in Physiology 


The Department of Physiology and Pharmacology at the University of Georgia, 
College of Veterinary Medicine, invites applications for a tenure-track faculty 
position at the rank of Assistant, Associate, or Full Professor. 


We seek outstanding candidates with active research programs applying 
innovative multidisciplinary approaches, including models of disease and 
development to the study of physiology. Candidates with research interests in 
cardiovascular, respiratory or gastrointestinal physiology as well as models of 
animal/human disease and development are encouraged to apply. The successful 
candidate will be expected to establish a robust externally funded research 
program and contribute to the Department’s teaching mission in his/her area 
of expertise. Applicants must have a PhD, DVM/PhD or MD/PhD degree and 
post-doctoral experience in Physiology or a related field as well as a publication 
record appropriate for the rank. Assistant Professor level candidates must have 
at least two years of relevant postdoctoral research and present a well-developed 
research plan. Associate or Full Professor level applicants should show evidence 
of an established, well-funded, and impactful research program. Candidates 
should also have a commitment to teaching excellence and one semester of 
prior teaching experience. Applicants should submit a letter of intent, curriculum 
vitae, research statement, teaching statement and contact information for at least 
three references to the following website: http://www.ugajobsearch.com/ 
postings/128983. Applications received by January 10, 2020 are assured full 
consideration. An attractive start-up package with competitive conditions of 
employment will be offered. The anticipated start date is August 1, 2020. Persons 
needing accommodations or assistance with the accessibility of materials related 
to this search are encouraged to contact Central HR 

(hrweb@uga.edu). 


The University of Georgia (UGA), the nations ’first chartered state-supported 
university, is a research-intensive land-grant and sea-grant university. The 
University of Georgia is an Equal Opportunity/Affirmative Action employer. All 
qualified applicants will receive consideration for employment without regard 
to race, color, religion, sex, national origin, ethnicity, age, genetic information, 
disability, gender identity, sexual orientation or protected veteran status. 


A career plan customized 
for you, by you. 


For your career in science, there's onlyone Science 


Features in myIDP include: 


= Exercises to help you examine your skills, interests, 
and values. 


= Alist of 20 scientific career paths with a prediction 
of which ones best fit your skills and interests. 


A Visit the website and start planning today! 
ny by myIDP.sciencecareers.org 
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FROM THE JOURNAL SCIENCE MAVAAAS Technology 
Confused about your Department of Biological Engineering 
next career move? Division of Comparative Medicine 


Director/Tenured Faculty Position 


The MIT Division of Comparative Medicine in partnership with the MIT Department of Biological 
Engineering, invites applications for the Director, at the tenured faculty level, with a start date of 

1 July 2020 or a mutually agreeable date thereafter. Applicants should hold a DVM from an AVMA 
ScienceCareers.org/booklets accredited veterinary school by the beginning of employment, with demonstrated expertise in a discipline 
which applies molecular/cellular bioscience to the study of the microbial/host interface in health and 
disease with interests in microbial pathogenesis, microbiome bioinformatics, immunology, oncogenesis, 
or pathobiology. The selected candidate will develop and sustain a vigorous extramurally funded research 
program, supervise graduate and postdoctoral fellows and teach graduate level classes. 


The Division of Comparative Medicine has three basic missions: education, research, and the provision 

of managing and overseeing a comprehensive animal husbandry, clinical, and diagnostic program for all 
research animals maintained at MIT. The Director will provide direction and administrative coordination 

to facilitate the Division's role in providing expertise and support to investigators using animals in 
biomedical research and teaching; to conduct grant funded research and develop animal models pertinent 
to biomedical research; to provide postdoctoral training to veterinarians seeking careers in biomedical 
research; develop scientists within the Division who can successfully compete for grants. 


The Division, consisting of approximately 180 personnel, has centralized administrative responsibility for 
all AAALAC accredited facilities, consisting of 193,000 square feet on the MIT campus. This responsibility 
underlies the overall commitment of the Institute in providing a comprehensive animal care and use 
program. 


Lp Candidates must register with the BE search website at http://be-fac-search.mit.edu, and must 
i ¥ submit application materials electronically to this website. Candidate applications should include a 
; 5) 4 description of professional interests and goals in both teaching and research. Each application should 
} include a curriculum vitae and the names and addresses of three or more references who will provide 
p ~ recommendation letters. References should submit their letters directly at http://be-fac-search.mit.edu. 
—_ 


Ya 


Applications received by December 15, 2019 will be given priority. 


4 \ Questions may be directed to: Prof. Angela Belcher (bedh@mit.edu), Head - Department of Biological 
Engineering, MIT 16-343 Cambridge MA 02139. 


MIT is an Equal Opportunity/ Affirmative Action employer http://web.mit.edu 


Focus on 


China 


Zhimin Li 
Director of Center for Science and 


a 


s its civilization evolved over 


People's Republic of China 


the centuries, China developed a 

well-organized knowledge base 

for agriculture, medicine, astron- 
omy, and mathematics, and powerfully 
influenced our world with great scientific 
contributions, including the four great in- 
ventions (i.e., papermaking, gunpowder, 
printing, and the compass), and many 
other world-renowned technical achieve- 
ments. Since its foundation in 1949, the 
People’s Republic of China has built a 
system of research institutes as well as 
an echelon of top-notch researchers. Pol- 
icies have been implemented providing 
full aid, comprehensive management, 
and support services for scientific re- 
search; and as a result, hundreds of insti- 
tutes, universities, and R&D departments 
in companies across China are making 
breakthroughs that have influenced sci- 
entists around the world. 
Recent years have seen the rapid growth 
of research funding in China, which 
totaled RMB 1.96 billion (USD 280 
million) in 2018. The over 20% average 
annual increase in research investment 
during the past 20 years is far above 
the country’s GDP growth for the same 


Technology Development Ministry of Education, 


period. China has been 
the world’s second-larg- 
est-spending country 
in terms of research, 
providing strong financial support for 
its scientific development. Its scientific 
competence has consistently improved, 
and China has equaled or surpassed 
other nations in some frontier scientif- 
ic areas. A large number of significant 
discoveries have laid the foundation for 
China to become a scientific and techno- 
logical powerhouse. China now stands 
in a transformational period as it moves 
from focusing merely on quantity to 
emphasizing quality, and from isolated 
breakthroughs to a systematic upgrade in 
scientific research. 

Throughout the history of human society, 
scientific innovation has always been a 
driving force for the development of a na- 
tion, and for the progress of civilization as 
a whole. The Chinese government has a 
historic opportunity to respond to the call 
to be at the forefront of science and tech- 
nology—the most crucial sector of the 
economy—and to meet the most pressing 
needs of the country, accelerate innova- 
tion in key fields, promote the acquisition 
of new talents, and take the lead in global 
scientific competition. In order to achieve 
the goal of modernization, China will fo- 
cus on the following aspects: 


ADVERTISING FEATURE 


Improve the fundamental capacity of 
science and technology. 

Several national laboratories have been 
established to explore the critical sci- 
entific questions of our time, such as 
the structure of matter, the origin of the 
universe, the evolution of life on earth, 
and the nature of consciousness, and to 
expand our knowledge of cutting-edge 
fields such as information technology, 
artificial intelligence, and robotics. At 
this time it is essential to implement the 
construction of national laboratories that 
focus on the major scientific and tech- 
nological tasks at hand, and to develop 
large-scale infrastructure that relies on 
the most advantageous and innovative 
systems and comprehensively integrates 
available resources. All of this is neces- 
sary in order to establish a new mecha- 
nism of target-orientation, performance 
management, collaborative research, 
and open sharing, and to ensure that 
national laboratories are characterized 
by advancement, expert guidance, and 
platform support. 


Increase access to technology. 

Science and technology should be able 
to address the major issues people face 
in their daily lives—issues such as dis- 
ease prevention and control, food and 
drug safety, and population aging. We 


should work to increase the availability 
of technology to the public, and contrib- 


ute to building a low-cost, wide-cover- 
age, high-quality public service system 
that helps people enjoy a livable envi- 
ronment, delivers better medical and 
health services, and assures them of 
adequate food. 


Put technology at the service of eco- 
nomic and social development. 
Scientific and technological innovation 
should enable us to promote sustained 
and healthy economic and social devel- 
opment by allowing us to implement 
major national science and technology 
programs; resolve national targets; and 
further highlight key areas of growth; 
and to assign major strategic products, 
key common technologies, and large- 
scale projects as major special projects, 
thus effectively mobilizing national 
resources for great undertakings and, in 
turn boosting science and technology 
productivity. 


Integrate science and technology inno- 
vation into the whole process of social 
development. 

We are committed to create a culture of 
innovation: to let innovation become the 
starting point for social development— 
which is in itself the driving force behind 


innovation. We will improve the system 
of utilization, distribution, and income 
management of scientific and technologi- 
cal achievements, so that all institutions, 
talents, funds, and projects will be fully 
active and can jointly promote techno- 
logical innovation. At the macro level, 
we will continue to initiate collaboration 
and to share new achievements in sci- 
ence and technology. We will participate 
in global governance in order to ensure 
common development within a commu- 
nity of broader interests. And we will 
also strive to create a favorable academic 
environment, one which encourages in- 
novation and tolerates failure—while at 
the same time strengthening intellectual 
property protection. 


Fully emphasize the cultivation of sci- 
entific and technological talents. 

The key to technological innovation lies 
in talent; talent is at the core of all impor- 
tant technological developments. China 
has always attached great importance to 
cultivating talents. Recently, the central 
government is- 
sued Opinions 
on Deepening 
the Reform of the 
Talent Develop- 
ment System and consultations. 


Mechanism, to 


ADVERTISING FEATURE 


invigorate the country’s human resource 
base. We must build a well-coordinated 
team of high-quality, innovative talents of 
every kind on a large scale, and we must 
develop their potential so as to mobilize 
the creative spirit that motivates outstand- 
ing scientific and technological personnel. 
If we gather first-class talent into the great 
cause of building our country, we will 
provide strong support for the realization 
of national development goals. 

As the world enters a new era of new 
ideas and new challenges, it is inevitable 
that China should implement the strategy 
of rejuvenating itself through science 
and technology, talent cultivation, and 
innovation-driven growth. China must 
take these steps if it is to enhance its core 
competitiveness on the world stage, solve 
the deep-seated contradictions and prob- 
lems involved in furthering its economic 
progress (e.g., how to deal with massive 
environmental changes), and build a 
prosperous society for all, while main- 
taining sustained and healthy economic 
and social development. 


We welcome excellent scholars interested in applying for 
talent programs in China to contact us through AcaBridge(- 
consultant@acabridge.edu.cn), which provides one-on-one 
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SJTU Global Recruiting Program 


hanghai Jiao Tong University (SJTU) is one of the higher 

education institutions which enjoy a long history and a 

world-renowned reputation in China. Through some 120 
years' unremitting efforts, SJTU has become a comprehensive, 
research-oriented, and internationalized top university in China. 


SJTU now has 30 schools/departments, 31 research institutions, 
13 affiliated hospitals, with around 50,000 students and over 
3,000 full-time teachers, including the leading number of aca- 
demic masters such as academicians of the Chinese Academy of 
Sciences and the Chinese Academy of Engineering, candidates 
for overseas talent programs and winners of National Outstand- 
ing Youth Fund among institutes of higher education in China. 


Today SJTU has 67 undergraduate programs, 42 first-level 
disciplines authorized to offer doctorate degree, 57 first-level 
disciplines authorized to offer master degree. According to 
Thomson Reuter's Essential Science Indicator (ESI), SJTU has 
19 disciplines listed World Top 1%, with 6 disciplines ranking 
World Top 0.1% and Engineering ranking World Top 0.01%. 
In 2019 QS World University Rankings by Subject, SJTU has 
25 subjects ranking World Top 100, of which 10 subjects rank 
World Top 50. By the year of 2018, SJTU has led the country 
for the 9th consecutive year in terms of both the project number 
and the amount of money issued by National Natural Science 
Foundation of China. SJTU also ranks No.1 among all Chinese 
universities in the total number of published SCI papers and 
China excellent highly-cited papers. 


Shanghai Jiao Tong University, carrying the mission of preserving 
cultural heritage, and seeking for the truth, bearing the responsibili- 
ty of invigorating the Chinese nation and developing for the benefits 
of mankind, today this centennial university is sailing for the aim of 
becoming a comprehensive, research-oriented and internationalized 
world-class university. SJTU will provide free academic environ- 
ment, strong research support and competitive compensation pack- 
age for the talents. SJTU, your stage to becoming academic master! 


Recruiting Position 
Chair Professor/Distinguished Professor/Tenured Professor/ 
Chief Researcher/Tenure-track Associate Professor 


Work and Life Treatment 

(1) Remuneration: With reference to the corresponding positions 
in the world’s top universities, selected candidates will be pro- 
vided with competitive remuneration and welfare benefits; 

(2) Doctoral Students: A guaranteed number of doctoral students 
to be enrolled each year; 

(3) Start-up Fund: Negotiable according to actual research demand; 
(4) Housing: Assistance will be given in solving housing prob- 
lem with furnished interim apartment provided; 

(5) Healthcare: Health service will be provided depending on 
medical resources from 13 affiliated hospitals; 

(6) Children’s schooling: Children of pre-school and compul- 
sory education age can be arranged to attend kindergartens and 
schools affiliated to SJTU. 


hanghaiTech University is a young and dynamic higher 
education institution committed to carrying out China’s 
national development strategy and nurturing the next 
generation of innovative scientists, inventors and entre- 
preneurs. With the backing and support of the Shanghai Municipal 
Government and China Academy of Science, ShanghaiTech’s five 
schools, three research institutes and General Education Center 
seek cutting-edge solutions to address the challenges that China 
and the world is facing in the fields of energy, material, environ- 
ment, human health, and artificial intelligence. As an integral 
part of the Zhangjiang Comprehensive National Science Center, 
ShanghaiTech is now leading several frontier research projects and 
large-scale facilities. 
For more information, please visit: www.shanghaitech.edu.cn. 
ShanghaiTech is now seeking talents in the following fields: 
School of Physical Science and Technology: energy, system ma- 
terials, photon and condensed state, material biology, environmen- 
tal science and engineering 
School of Life Science and Technology: molecular and cell biol- 
ogy, structural biology, neuroscience, immunology, stem cells and 
regenerative medicine, system biology and biological data, molec- 
ular imaging, biomedical engineering 
School of Information Science and Technology: computer science, 
electrical engineering, information engineering, artificial intelligence, 
network and communication, virtual reality, statistics, big data and data 
mining 
School of Entrepreneurship and Management: economics, fi- 
nance, accounting, management, marketing, strategy and entrepre- 
neurship 
School of Creativity and Art: innovative design, filmmaking, 
game design, tech-driven art, big data visualization, creativity, de- 
sign thinking 
Shanghai Institute for Advanced Immunochemical Studies: anti- 
body therapy, Immunotherapy, cell therapy, regeneration medicine 
iHuman Institute: bio-imaging, biology, chemistry, computational 
biology, Al/ML 
Institute of Mathematical Sciences: pure mathematics, theory of 
computing, applied mathematics 
Institute of Humanities:Chinese philosophy, Western philosophy, 
logic, science philosophy, aesthetics, Ancient literature, modern 
literature, literary theory, comparative literature and world liter- 
ature, Chinese writing, Chinese history, world history, historical 


theory, British and American language and literature, French 
language and literature, German language and literature, Japanese 
language and literature. 


Following positions are opening: 

1.Tenured and Tenure-track positions: assistant professor, associ- 
ate professor and full professor. 

Successful applicants will have a doctoral degree, and are expected 
to establish a record for independent, internationally recognized re- 
search, supervise students and teach high-quality courses. 
2.Research positions: post-doctoral research fellow, research as- 
sistant professor, research associate professor and research profes- 
sor. 

Successful applicants will have a doctoral degree, a good research 
record and great passion for research. 

3. Assistant positions: teaching assistant, research assistant, and 
administrative officer. 

Successful applicants will have a Master's degree and relevant 
working experience. 


ShanghaiTech will offer attractive compensation packages, in- 
cluding: 

Initial research support package: reasonable start-up funds, re- 
search associates and post-doctoral fellows, laboratory space to 
meet research needs. 

Compensation and benefits: highly competitive salary commen- 
surate with experience and academic accomplishments, a compre- 
hensive benefit package. 

Subsidized housing: on-campus 80/100/120 m2 faculty apart- 
ments available at low rent for tenured and tenure-track faculty, 
on-campus postdoctoral dormitories, off-campus postdoctoral 
apartments and municipal apartments subsidized by Shanghai 
government. 

Relocation & travel allowance: reimbursement of expenses for 
household relocation and family’s one-way travel. 

Family assistance: support with children’s education; affiliated 
kindergarten, primary and middle schools. 


To apply: using this format, please submit a cover letter (Firstname_Last- 
name_Cover_Letter.pdf), a research plan (Firstname_Lastname_Research_ 
Plan.pdf), and a CV (Firstname_Lastname_CV.pdf) to 
shanghaitechuniversity@gmail.com 
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¢) Biology of Henan University 
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enan University, founded in 1912, is located in 
Kaifeng, a famous historic city which used to be 
the capital of China during eight different dynas- 
ties. In 2008, Henan University formally entered 
the list of the universities which are jointly developed by 
the provincial government and the ministry; in 2016, the 
University was selected in the “111 Plan”; and in 2017, the 
University becomes a “Double First-rate” university. 


Henan University was formerly known as the Preparatory 
School for Further Study in Europe and America. It was later 
renamed Zhong zhou University, No.5 National Zhongshan 
University and Provincial Henan University. In 1942 its 
name was changed to National Henan University. After the 
founding of the People's Republic of China, its name has 
been changed many times. Finally, the name Henan Univer- 
sity was restored in 1984. 


For nearly 100 years since its founding, Henan University, 
adhering to its motto of “to illustrate illustrious virtue; to 
renovate the people; and to rest in the highest excellence”, 
strengthening morality, has developed 600,000 kinds of tal- 
ents. Among them, there are 57 academicians and members 
of the Social Science Academy. 


Now Henan University is a comprehensive university with 
12 branches of learning. It has established friendly relation- 
ship with more than 120 colleges in more than 40 countries 
and has become a member of the World Association of 
Universities and the Association of Universities of Asia and 
the Pacific. Henan University now has 33 Schools (Depart- 
ments), 97 undergraduate programs, 42 primary discipline 
Master’s programs, 20 professional Master’s programs, 20 
primary discipline doctoral program and has 15 doctoral re- 
search centers. 


Initially founded in 1923, the School of Biological Sciences, 
and was re-established in 1987, and selected in the league 
of “Double First-rate” in 2017. The School of Biological 
Sciences delivers world-class research and teaching across 
a broad range of fundamental disciplines in biology. Spe- 
cialized in “Plant Stress Biology and Sustainable Agricul- 
ture”, leading researchers in School of Biological Sciences 
aims for exploring plant anti-stress potential, improving the 
utilization efficiency of water and nutrient, and enhancing 


pest control effectively etc., four major research interests 
in i) crop stress responses and signaling transduction, 11) 
crop development and stress adaptation, 111) biotic factor 
interactions in plant and ecological regulation, and iv) ex- 
ploration of stress resistance gene and germplasm resources 
innovation. The school has been granted with more than 130 
national research funding, including one National Program 
on Key Basic Research Project of China (973 Program), two 
National Major Scientific Research Program, two National 
Science Foundation for Distinguished Young Scholars, eight 
The General Program (Key Program) of National Natural 
Science Foundation of China, and over 120 National Natural 
Science Foundation of China grants. Research outputs were 
published in world-renowned peer-reviewed journals includ- 
ing Nature Communication, The Plant Cell, Plant Physiolo- 


gy etc. 


The biology discipline is also the home base for State Key 
Laboratory for Cotton Biology, State Key Laboratory of 
Crop Stress Adaptation and Improvement, as well as Crop 
Stress Biology Overseas Expertise Introduction Project for 
Discipline Innovation (111 Plan). In addition, the school 
hosts Level I PhD Entitlement for Biological Sciences and 
Ecology and corresponding post-doctoral mobile station. The 
project “Stomatal Regulation Mechanism Enhancing Plant 
Water Efficiency” was awarded second prize in the National 
Nature Science Award 2012. The team initiated “Genetic 
Basis and Techniques for Biotic Water Saving” won Chang 
jiang Scholars and Innovative Research Team by Ministry of 
Education. 


Except for focusing on basic scientific researches, the 
School of Biological Sciences developed inter-disciplinary 
researches, attempt to screen important anti-stress gene by 
using multi-omics, bioinformatics, genome modification and 
synthetic biology techniques, to breed new crop varieties 
featured with universal stress resistance, high-producing, 
high-quality through germplasm innovation and molecular 
design breeding. 


We are eager for ambitious and outstanding researches, Wel- 
come on board to be part of our history and our future. 


Website: http://bio.henu.edu.cn 
Email: wangg@henu.edu.cn 


Hangzhou Innovation 
Research Institute of 
Beihang University 


angzhou Innovation Research Institute of Beihang 
University is a new high-level research institute jointly 
established by Beihang University and the Zhejiang 
Province, Hangzhou City and Binjiang District gov- 
ernments. With the mission of “building a world-class tech- 
nological innovation platform and innovative talent training 
platform in the field of information”, and focusing on the 
multidisciplinary intersection of information technology, life 
and health, cognitive science and new materials, Hangzhou 
Innovation Research Institute actively explores new mecha- 
nisms and gathers global innovative resources, and is commit- 
ted to achieving a number of major original innovations and 
key technological breakthroughs and applications, striving to 
become a talent and innovation center that is rooted into Zhe- 
jiang Province while looking to the world’s first-class. 
In March 2018, Hangzhou Innovation Research Institute of 
Beihang University officially settled in Binjiang District of 
Hangzhou, meaning the entering of the second 985 university 
in Hangzhou. The construction of its graduate school launched 
in September 2019 at Baima Lake of Binjiang District. The 
construction of hardware facilities is expected to be completed 
in about two years, and the scale of graduate students is ex- 
pected to be 2,000. More importantly, Hangzhou Innovation 
Research Institute has undertaken the construction work of 
Sino-French Aviation University, providing teachers reserve 
for the university. On January 9, 2018, under the testimony of 
President of PRC Xi Jinping and French President Macron, 
Beihang University signed the memorandum of cooperation 
with Ecole Nationale de l'Aviation Civile (the French National 
Civil Aviation University) and agreed to jointly establish Si- 
no-French Aviation University. The site of the university will 
be in the town of Pingyao, Yuhang District, Hangzhou, cover- 
ing an area of 1,500 mu (10,000 acres). 


I. “Qianjiang Forum” 

The 3rd International Youth “Qianjiang Forum” of Hangzhou In- 
novation Research Institute of Beihang University will be held on 
December 28, 2019. The forum is aimed at exploring the hot topics 
of international academic frontiers in the information field through 
special reports, academic seminars and in-depth discussions. 


II. Forum Setting 

The forum sets up one main forum and four sub-forums 
naming Advanced Materials and Micro-processing Science, 
Instrument Science, Information Science and Technology, 
and Cyberspace Security Science. The paper awards session 
is also set up in the forum while each person is limited to 
submit one representative paper. The scope of the paper 
includes materials science and engineering, instrument sci- 
ence and technology, optical engineering, quantum precisive 
measurement, computer science and technology, software 
engineering, control science and engineering, information 
and communication engineering, cyberspace security and 
other relative fields. Representative papers should be pub- 
lished after 2015 as articles of the first author. 


Ill. Application Conditions 

(1) Those who have obtained a doctoral degree from a 
top-ranking university at home or abroad. After being select- 
ed, he/she can work full-time in the institute. 


(2) Those who have innovative achievements acquired 
recognition at home and abroad. The achievements can be 
academic papers published in international leading journals 
or conferences in the relative fields, participation in interna- 
tional frontier research projects or national major scientific 
research tasks, and the main accomplishers of major scientif- 
ic and technological awards. 


IV. Application Method 
Please visit the website http://hzii.buaa.edu.cn/info/1041/1664. 
htm and submit your application as required. 


V. Contact Information 

Contacts: Ms Tian, Mr Chen. 

Contact Number: (+86)199-5789-0995 
(+86)571-8536-7559 

Email: buaahz_hr@buaa.edu.cn 

Official Website: http://hzii.buaa.edu.cn 
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ince established in 1927, 
the School of Informa- 
tion Management in 
Nanjing University has 
been recognized as one of the best 
information schools in China. As 
the third iSchools in Asia, SIM has 
been accredited as A+ level (highest 
level) and National Excellent Disci- 
plines in China, and ranked 26th in 
QS World University Ranking 2019. 


The School consists of 69 faculty 
and staff members, a number of 
well-known academic leaders. The 
School offers multi-level programs 
from undergraduate to PhD. By es- 
tablishing four undergraduate, five 
graduate and doctoral specialties, 
we have currently built up a mature 
educational mode of cultivating 
compound talents within innovative 
consciousness and high practical 
ability. 


Meanwhile, we attach great impor- 
tance to scientific research as well 
as social service. Our faculty’s 
innovative research is earning rep- 
utation and financial support from 
various foundations. During the 
last five years, we’ve completed 
over 160 academic programs and 
application projects collaborated 
with enterprises and organizations. 
We have also signed strategic 
cooperation agreements with many 
famous universities in the world 
and fully sharing the research re- 
sources of 65 international famous 
universities. 


Now, the School of Information 
Management is searching for out- 
standing candidates to fill tenure/ 
tenure-track faculty positions in 
Information Science, Library Sci- 
ence, Archive Management, Data 
Management or Digital Publishing 


research at the rank of Assistant, 
Associate, or Full Professor. Can- 
didates must have a Ph.D. degree 
in information science, information 
systems, library science, archive 
science, computer science or a 
related discipline from accredited 
institutions. For tenure-track posi- 
tions, candidates must also have a 
strong commitment to high-quality 
research and excellent teaching. For 
appointments at Assistant Professor 
level, candidates who are expect- 
ed to complete their Ph.D. before 
enrollment are encouraged to apply. 
For appointments at the Associate 
or Full Professor level, a substantial 
record of research publications in 
top-tier journals is essential. 


Preference will be given to candi- 
dates possessing a track record of 
publishing in leading journals in 

library and information science or 


At bet: 


PO ATEREE 


information management. A record 
of obtaining grants from compet- 
itive institutions is also preferred. 
Successful candidates should have 
the ability to teach at both graduate 
and undergraduate levels. Shortlist- 
ed candidates will be contacted for 
interviews. 


Applications including cover 
letter, curriculum vitae, referred 
publications, any available teach- 
ing evaluations, three letters of 
recommendation and availability 
for interviews, which should be 
submitted electronically to Ms. 
Ting Yu: 


Ms. Ting Yu 
Email: yuting@nju.edu.cn 
Tel/Fax: 86-25-89687291 


For more information, 
see at: im.nju.edu.cn 


he Nanjing University department of philosophy ranks as one 
of China’s foremost centers for philosophy research, it traces 


its roots back to its original establishment in 1920. In 2000, the 

department of religious studies was set up and it became one 
part of philosophy department. During the past years, a lot of famous 
scholars have been the faculty members of our department, such as 
Tang Yongtong, Zong Baihua, Fang Dongmei, etc.. In 1978, professor 
Hu Fuming, wrote an article “Practice is the only criterion of Truth”, 
which made a very great impact to China’s liberation of thought and 
the open-reform course. 


Current available majors include: Marxist philosophy, chinese phi- 
losophy, foreign philosophy, ethics, logic, philosophy of science and 
technology, religious studies, eastern philosophy and religious studies. 
At present, the department has 56 teaching staff which contains 32 
professors and 15 associate professors. 


The department has produced a significant amount of published 
materials and academic literature appearing in the leading academic 
periodicals such as China Social Science and Philosophical Research. 
Since 1977 the philosophy department has trained more than 1400 
undergraduates and several hundred graduate degree students. At pres- 
ent, the department has 135 undergraduates and almost 300 graduate 
students. 


Website: https://www.nju.edu.cn/EN/80/51/c7136a163921/page.psp 


Email: zhexue@nj 


and high reputation. It was originally established in 1902. After 

its development for over a century, Nanjing University main- 
tains good momentum among various fields and ranks top among 
higher educational institutions in China. It was designated as a Class A 
institution in the Double First Class University plan, a government in- 
itiative to cultivate an elite group of Chinese universities into “world- 
class” institutions. In 2018, it was ranked 114 on QS World University 
Rankings. Today, NJU has over 30000 full-time students in 31 schools 
and departments. 


New University is well known in China for its long history 


Law is one of the priority disciplines in NJU. Due to its commitment 
on facilitating legal education and research, Law School has cultivated 
many talents in law field, which has been well known nationally and 
internationally. There are 62 faculty members, including 27 professors, 
29 associate professors and 6 researchers. It has 10 research institu- 
tions (e.g., the Sino-Deutsch Law Research Institute, the Chinese Law 
Cases Research Center, and Economic Law Research Institute, etc.) 
and a post-doctoral research station. Due to the efforts of its students 
and faculty, NJU Law School was evaluated as “A-” on the disciplines 
ranking of Chinese Ministry of Education. 


For more information, please contact swu@nju.edu.cn (Siyue Wu, 
staff member of Personnel) or visit our website law.nju.edu.cn! 


Recruitment of Global Talents for 
Guangdong Ocean Universi 


coastal city, Zhanjiang, in the mainland of China, is a key institution co-built by 

the People’s Government of Guangdong Province and the State Oceanic Admin- 
istration of China. Featuring Ocean and Fisheries Sciences and developing as a comprehen- 
sive, multidisciplinary one, GDOU has an integrated academic degree authorization system 
that provides bachelor’s, master’s, and doctoral degrees, and has been evaluated “excellent” 
by the Undergraduate Teaching Evaluation of the Ministry of Education of the P.R. China 
and crowned as a high-level university of key subject construction in Guangdong Province. 


G uangdong Ocean University (GDOU), located in an enchanting southernmost 


Our university has three campuses of different functions, 806 acres in total, of which the 
main campus is located at the east side of the National Class 4A Tourist Attraction, Hu- 
guangyan, one of the world renowned volcanic geo-parks. This dream campus, being a 
beautiful place full of trees and flowers, facing sea, and being surrounded by mountains, is 
home to studying, teaching, and researching. 


GDOU prides herself on owning 3 first-class disciplines for doctoral degrees, 9 first-class 
master’s degree programs, 44 secondary master’s degree programs, 77 undergraduate ma- 
jors, | comprehensive national reform pilot subject, 4 pilot subjects in the Educational Re- 
form Plan of Excellent Agricultural Talents, 1 national off-campus practical education base 
for students, 33 research platforms at provincial or ministerial level, 13 provincial demon- 
stration centers of experimental education, 21 key laboratories at department level, etc. 


At GDOU, more than 35,000 students from different countries gather around to pursue 
their dreams. Over 2,500 qualified and brilliant staff and faculty are devoting themselves to 
teaching, researching, and more at GDOU. 


Due to the fast development and establishment, GDOU is now recruiting high-level faculty 
from both China and abroad. 


Disciplines 

Sciences, Engineering, Economics, Management, Law, 
Literature, Education, marine-related disciplines, Art, 
etc. Please find the details in GDOU website. 


Job Requirements 

(1) PhD from both overseas and domestic universities/ 
research institutes; 

(2) Be capable of teaching and researching at university. 


Contact us 

Applicants could send a detailed CV to reyj@gdou.edu.cn. 
Please detail your education, work experiences, publica- 
tions, research interests, etc., and use Applicant’s Name 
+ Profession (Field of Research) + Current Institution 
of Study or Work + Position of interest as the subject of 
the email. 


Tel: (+86) 0759-2383117 
Email: rcyj@gdou.edu.cn 


GDOU Website: www.gdou.edu.cn 
Recruitment: http://zp.ehall.gdou.edu.cn/rsfw/sys/zp- 
glxt/extranet/index.do#/home 


7 @) 2 eb , 
até ah, 
— TIBI SK o 


Nostalgia, 

is like an ocean, 

lam here, 

the family is over there. 


Thousands of reasons 
to stay abroad, 
but one decision to 

rn to the roots. 


> 10,000+ academic job vacancies in China 
> Free one-to-one consultation service 


Send your CV to 
consultant@acabridge.edu.cn 
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Southern Medical University 


Southern Medical University Seeking Global Talents 


stablished in 1951 and located in 
HK the city of Guangzhou, the Southern 

Medical University (SMU) was desi 
gnated as a national key university in 1979. 
SMU is the only university that ranks as a 
Ministries-Province Co-sponsored Medical 
University in Guangdong Province. As one 
of the eight universities, including PUMC, 
Peking University and Fudan University, 
approved by Ministry of Education to offer 
the eight-year clinical medicine program, 
SMU provides nationally recognized 
high-quality medical education and 
state-of-the-art biomedical and _ clinical 
research platforms and environment for 
faculties, students and trainees. At the 
post-graduate level, SMU admits over 
2,300 doctoral and master students and 
hundreds of postdoc fellows each year. 


With 275 National Natural Science 
Foundation of China (NSFC) grants 
awarded to SMU faculties in 2019, SMU 
has ranked among the top 27 ones of all 
Chinese universities receiving NSFC grants. 
Five disciplines of SMU are ranked top 
1% in the world according to the Essential 
Science Indicators evaluation by the Web of 
Science. SMU has 8 first-levelpost-doctoral 
research stations, including Basic medicine, 
Clinical Medicine, Public Health and Preve 
ntive Medicine, The Integrative Medicine, 


Application Documents 


@CV with the basic information, education 
background and work experience, and main 
academic achievements. 


Contact 
For faculty positions 


Biology, Pharmaceutical Science, 
Biomedical Engineering and Nursing, and 
scientific fields with outstanding academic 
strength include molecular cell biology, 
stem cell and regenerative medicine, 
pathophysiological studies of human 
diseases, brain science and neurological 
diseases, nephrology, gastroenterology, 
hematology, infectious diseases, tropical 
diseases and bone/muscular diseases. 
Each year over 1200 research articles 
authored by SMU faculties are published 
in internationally circulating journals 
including JAMA, N Engl J Med, Nature 
Aedicine, Nature Neuroscience, etc. 


SMU owns a State Key Laboratory, a 
State Clinical Research Center and 75 
province/ministries-designated research 
centers and laboratories. Eleven teaching 
hospitals are directly affiliated to SMU, 
receiving over 12000 patient visits and 
operate 200,000 surgeries annually. Together 
with the University and its schools/colleges, 
SMU hospitals are accommodating large 
numbers of researchers and are planning 
to continuously increase recruitment 
of new faculties at the ranks of full or 
associate professor in the next few years. 
Outstandingand motivated scholars are 
sought and welcome to join SMU in 
Guangzhou, an attractive city reputed 


e@Attachments (optional for initial stages): 
Passport, doctorate degree certificate, overseas 
employment certificate, certificate for the main 
academic achievements. 


for its being the frontier of Chinese 
reform and opening-up. ALL employed 
faculty at SMU receive an internationally 
competitive annual salary ranging from 
USD 60,000 to USD 179,000 , settling-in 
allowance ranging from USD 120,000 to 
USD 596,000 and comprehensive benefits 
package including adequate funding for 
research, necessary research facilities and 
office service supports, special quotas for 
graduate students and postdoc fellows, 
apartments and high quality healthcare 
service. Employed faculty will be appointed 
as a professor or associate professor, a 
postgraduate supervisor or a post-doctoral 
cooperative supervisor according to the 
level. SMU will also assist in research 
coordination, project applications and 
children’s household registration. ALL 
post-doctor at SMU receive annual salary 
ranging from USD 42,500 to USD 85,000. 
Postdoctoral fellows can enjoy special 
allowance for published papers and funded 
projects during his/her stay at the Station, 
free Postdoctoral Apartment or housing 
allowance, the research subsidy provided 
by the cooperative advisors and the public 
resource services of the university. SMU 
will also offer opportunities for professional 
and technical title applications. 


Please send a copy of materials listed above to 
smurcb@126.com, please state clear information 
such as your names, disciplines or research fields 
in the title of your email. 


For more information please visit: 
http://www.smu.edu.cn/ or follow 


TEL: +85-20-6°648690 Email; smurcb@126.com 
Address: Talent Office, Southem Medical University, No.1023 Snatal Road, Guangzhou, Guangdong, 510515, PRC 


For postdoctoral positions our wechat official account: 


el: +86-20-61648642 Email: smubgb@163.com 
Address: Postdoctoral Management Office, Southern Medical University, No.1023 Shatai Road, 
Guangzhou, Guangdong, 510515, PRC 


Who’s the Top Employer for 2019? 


Science Careers’ annual survey reveals the top 
companies in biotech & pharma voted on by 
Science readers. 


Read the article and employer profiles and listen 
to podcasts at sciencecareers.org/topemployers 
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By Ashley Stenzel 
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A mother’s guilt 


he sun was rising as we drove across the Minnesota state line, marking the moment my fam- 
ily and I left the only home we had ever known. I wanted to feel excited about my new Ph.D. 
program, but all I could feel was guilt. We were moving to New York so that I could pursue my 
goal of becoming a professor. The move was good for me professionally, but I worried about 
uprooting my husband and daughters. I also feared that—with the demands placed on me in 
grad school—I wouldn’t be able to give my kids the childhood they deserved. The 3 years that 
have passed since then haven’t been easy. But I’ve realized that I’m not the only person who benefits 


from my education. My kids do, too. 


I was 17 years old when I learned 
that I was going to be a mother. Our 
first daughter came into the world 
4 days after my high school gradu- 
ation. I didn’t know whether I was 
going to make it through college, let 
alone grad school. But my educa- 
tion was important to me because 
Td witnessed my own mother at- 
tend college and advance her career 
when I was in high school. I wanted 
to follow in her footsteps. 

I studied biology in college, tak- 
ing a full course load and work- 
ing night shifts at a local hospital 
to help provide for my new fam- 
ily. It was challenging to balance 
classes, work schedules, and being 
a mom. But I got through it, find- 
ing moments of joy along the way. 
On the nights when I was home, I’d 
read my class notes out loud with 
my daughter. She’d respond by asking questions, such as 
“Mom, what are bacteria?” It helped us both learn. 

After I graduated, I knew that I would need a Ph.D. to 
land the kind of job I wanted. But I was nervous about 
whether the life of a grad student would be possible as a 
mother. I’d given birth to our second daughter during my 
last year of college, so we now had two young girls to raise. 

When I interviewed for my Ph.D. position, I asked a 
senior grad student whether there were any resources to help 
student parents. “I’m sorry,’ she said. “I don’t really know of 
anybody who would be able to help with that.” Her answer 
reinforced a fear I’d harbored: that I would be a lone student 
parent in my Ph.D. cohort, trying to forge a path on my own. 

I arrived in New York feeling more than the usual new- 
grad-student angst. I worried that I wouldn’t be able to cut it 
academically, and it didn’t help that—as I’d feared—none of 
my peers were parents. I also suffered from a more personal 
fear that I was being selfish—that my decision to prioritize 


“Navigating academia 
as ayoung mother is hard, 
but it’s also rewarding.” 


my career was going to have long- 
term negative repercussions for my 
kids. I imagined them looking back 
in 20 years and thinking that I didn’t 
spend enough time with them, or 
that I took away their happiness. 

So, I made a rule to never be vis- 
ibly upset about my work in front 
of my children. When I went home, 
they needed me to just be their 
mom. Grad school was stressful, 
but it felt unfair to complain about 
a life that I had asked my fam- 
ily to sacrifice for. One night after 
a tough day at work, I pulled into 
our driveway, sat in the car, and let 
a few tears fall down my cheeks. 
Then, I pulled myself together and 
put on a smile when I greeted my 
daughters at our front door. 

Over the past year, though, I’ve 
started to let go of some of this 
worry. I’ve realized that we have not only adapted to our 
new situation, but we are thriving. My husband landed a 
job that he is happy with. My older daughter dreams of 
becoming a marine biologist. And my younger daughter 
loves exploring, something we do often now that we live 
in a new state. Both daughters also constantly remind me 
that they’re proud of the things I do. Recently, while driving 
past the cancer institute I work at, my older daughter said, 
“Thinking about people having cancer is so sad, but I feel 
better knowing that you are researching it to help.” 

Navigating academia as a young mother is hard, but it’s 
also rewarding. My kids are learning to look at the world 
through the lens of science, and watching their mom suc- 
ceed inspires them. I look forward to seeing them follow my 
footsteps, whatever path they choose. ® 


Ashley Stenzel is a Ph.D. student at the University at Buffalo, 
part of the State University of New York system. 
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